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Preface

This Special Issue reprint, Coatings for Advanced Devices, highlights recent progress in the
development and application of functional coating technologies that are essential to the performance
and reliability of cutting-edge electronic and multifunctional systems. From microelectronics and
optoelectronics to flexible displays and wearable healthcare devices, coatings play a critical role in
enabling advanced functionalities and protecting devices that operate under increasingly demanding
environmental and mechanical conditions.

The aim and purpose of this reprint are to provide a comprehensive overview of cutting-edge
research in coating materials, thin-film processing, and interfacial engineering, as well as to
promote the exchange of ideas between academic researchers and industrial engineers. It brings
together contributions that address a wide range of challenges, including the design of adaptive
and multifunctional coatings, enhancement of interfacial adhesion, performance in extreme
environments, and integration into scalable device fabrication processes. By linking fundamental
insights with technological implementation, this Special Issue pursues a deeper understanding of
how surface and interface engineering can drive the advancement of next-generation devices.

The reprint is intended for scientists, engineers, and graduate students working in the fields of
electronic packaging, solid mechanics, materials science, and electronic manufacturing. We hope that
the works presented will not only serve as a valuable reference but also inspire continued innovation
across disciplines that intersect at the interface of materials and devices.

I would like to extend my sincere gratitude to all contributing authors for their high-quality
submissions, and to the reviewers for their insightful and constructive feedback, which significantly
enhanced the quality of each manuscript. I also wish to express my appreciation to the editorial
team, especially Ms. Sunny Yang, for their professional support and dedicated assistance throughout
the publication process. This work was supported by the National Natural Science Foundation of
China (Nos. 52475166, 52175148) and the Regional Collaboration Project of Shanxi Province (No.
202204041101044), whose contributions are gratefully acknowledged.

Xu Long
Guest Editor
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The continuous evolution of coating materials is critically important to driving in-
novative technologies in various domains, especially advanced electrical devices. This
is because most current devices and systems operate under ever-complicated and harsh
conditions, which makes the demand for coatings with enhanced mechanical, thermal, and
functional properties increasingly high. Recent research has focused on the development
of new coating compositions, advanced deposition techniques, and innovative material
designs to improve interfacial adhesion and mitigate thermal stresses, enhance corrosion
resistance, and optimize optical performance.

This Special Issue combines 10 papers and brings together a collection of studies
that address critical challenges in innovative research and applications based on coating
technologies, ranging from electronic packaging and high-temperature environments to
sustainable polymer coatings and optical protection. Leading scientists and engineers
discuss the challenges and breakthroughs that arise within coating technologies that em-
phasize how high-end coating technologies shape the next generation of high-performance
electronic devices. The contributions put together related knowledge from the areas of
computational modeling and experimental characterization that outline the constantly
evolving landscape of coating materials for their potential in enabling next-generation
technologies and defining the future of the development of sophisticated devices, attaining
unprecedented levels of reliability, efficiency, and versatility. We invite the reader to learn
about the transformative effect of pioneering thin film/substrate systems in advanced
devices that are pushing the boundaries of electronics, energy, and beyond, ushering in an
era wherein technology and sustainability will thrive in harmony.

Long et al. [1] proposed a method for determining the elastoplastic properties of
thin films by indentation using a dimensionless analysis. This is a key tool in material
characterization for electronic packaging and other microelectronics applications. The
investigation by Su et al. [2] extended this understanding by proposing fiber-reinforced
composites that can be used to tune the CTE for multilayered coatings—an effective
mitigation approach against thermal stresses in thin-film systems. Going beyond the
mechanical properties of coatings, Wang et al. [3] studied the viscoelastic behavior of
memory chip 3D-stacked packaging, using finite element simulations to predict the effects
of epoxy molding compound materials on electronic packaging reliability. In the realm
of semiconductor packaging in harsh service conditions, Yoo and Kim [4] explored the
galvanic corrosion behavior of Cu-based wire bonding, providing valuable insights into
enhancing the longevity of electronic components exposed to corrosive environments.
Coatings have also contributed much to the energy sector, where Drin¢i¢ et al. [5] analyzed
the degradation processes of solar absorber coatings; for parabolic trough collectors, they
suggested durable materials. Similarly, Yang et al. [6] studied NiO-doped GayOj3 thin
films, which have opened new prospects for enhancing performance in wide-bandgap
semiconductors for energy-related devices.

Coatings 2025, 15, 219
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Further extending the method of investigation and service scenarios of the coating
materials and technologies, Zhao et al. [7] made a first-principles calculation of the mechan-
ical properties of Ni3zSnys-based intermetallic compounds with cerium doping to highlight
their potential for application in soldering in microelectronics. They also explored the
microstructure and mechanical properties of TixNbMoTaW refractory high-entropy alloys,
offering a novel approach to the development of robust coatings for extreme temperature
environments, such as those encountered in high-performance aerospace and automotive
applications [8]. Zou et al. [9] presented an innovative toughened bamboo-fiber-modified
epoxy resin coating, which demonstrates superior interfacial compatibility, making it a
promising candidate for bio-based, environmentally friendly polymer coatings. Eversole
et al. [10] studied optical limiting in CdSe-based multiphase polymer nanocomposite films,
further extending the role of coatings in optical applications by offering enhanced protection
capabilities for optoelectronic devices under intense illumination.

Last but not least, this Special Issue is focused on coatings for enhancing performance,
reliability, and sustainability in electronic devices in various domains. Papers in this Special
Issue provide insights into different technologies and applications that will be shaping the
functionality of advanced devices and systems in the future.

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract: By assuming the elastoplastic properties of thin-film materials, a reverse analysis method is
proposed by deriving a dimensionless function for the indentation process. The substrate effect is
taken into account by assuming a perfect interface between thin-film and substrate materials. In order
to obtain the applied load—penetration depth (P-h) curves, the indentation process is numerically
modeled as an axisymmetric problem with a rigid-body Berkovich indenter on the semi-infinite
substrate when performing finite element (FE) simulations. As a typical soft film/hard substrate
problem, the elastic substrate is assumed and the power-law model is used to describe the constitutive
properties of thin-film materials. Varying elastic modulus (10-50 GPa), yield strength (60-300 MPa),
and hardening exponent (0.1-0.5) characterize different elastoplastic mechanical properties of thin-
film materials with film thickness of 10-30 um. Owing to the good trending P-i curves with the
maximum indentation depth up to the 2/3 film thickness for different elastoplastic thin-film materials,
a dimensionless function is derived and validated based on the predictions by reliable FE simulations.
The proposed dimensionless function elegantly elucidates the essential relationship between the
elastoplastic mechanical properties of the thin-film material and indentation responses (e.g., loading
and unloading variables). The elastoplastic constitutive curves predicted by the proposed reverse
method are confirmed to be in good agreement with the stress-strain curves of materials by FE
simulations with the randomly selected elastoplastic mechanical properties and film thicknesses. This
study provides a theoretical guidance to understand the explicit relationship between elastoplastic
mechanical properties of the thin-film material and indentation responses.

Keywords: indentation; thin-film; reverse analysis; dimensionless function; finite element simulation

1. Introduction

Thin film/substrate systems are of significance in numerous critical engineering appli-
cations such as micro-electronics, optoelectronics, display panels, and many other devices,
as illustrated in Figure 1. Processing techniques, for instance, sputtering, vapor deposi-
tion, ion implantation, and laser glazing are employed to fabricate thin film/substrate
systems [1-3]. The reliability of microelectronic devices relies primarily on how reliably the
thin films adhere, or “stick” to each other and substrates [4], thus the adhesion measure-
ment of thin film has been of great interest in recent years. Carbon nanotubes and graphene
are successfully applied to energy conversion systems, including solar cells and fuel cells,
due to their excellent structures and properties in many vital areas [5]. A new domain
of technical physics, integrated optics, is stimulated by the technical problems related
to the widespread application of laser technology, both for actual aims (communication,
information processing, ranging, etc.,) and for physical research [6]. In addition, there
are various applications, from computer hardware and sensors to thin films and coatings,
where important parts are manufactured in small sizes and low thicknesses [7,8]. Depth-
sensing nanoindentation measurement techniques are frequently utilized to determine the
mechanical properties of surface layers and ultrathin coatings of bulk materials [9]. In fact,
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Figure 1. Schematic diagram of thin-film applications in various areas.

The method proposed by Oliver and Pharr in 1992 to measure hardness and elastic
modulus by indention techniques, has extensively been applied and used for character-
ization of small-scale mechanical behavior [10]. In recent decades, because of its good
performance in characterizing the mechanical properties of each material at low scales,
the nanoindentation theory technique has been applied to measure the mechanical proper-
ties of micro-electronics and nano-scale component materials as well for local mechanical
properties of materials [11]. For anisotropic materials, the question is what modulus is
measured by the indentation technique due to load and displacement [12]. On the mi-
croscopic aspect, Bouzakis et al. [13] investigated the effect of surface roughness of the
substrate material due to different size shapes in nanoindentation experiments based on
FE simulation. Rauchs [14] performed nanoindentation experiments to determine the
material parameters of an elastic-viscoplastic material model with nonlinear isotropy and
kinematic hardening by minimizing the least-squares difference between experimental data
from indentation tests and FE predictions. Shelef and Bar-On [15] related the indentation
modulus magnitude and loss parameters to the modulus of the original film to derive the
film-substrate energy storage and energy dissipation capabilities, and outlines a method
to back-calculate the elements by simple linear scaling. Kampouris et al. [16] presented
a new approach to interpreting Vickers microindentation data, using a gradient elastic
framework fitting formulation, and showed experimentally the potential of the formulation
to model such microdeformation issues. With regard to improving the accuracy of material
parameters measured by nanoindentation, Chollacoop et al. [17] proposed an empirical
method to improve the accuracy of material parameter measurement by enriching the
indentation method with utilizing double sharp indenters with different tip-top angle.
Treier et al. [18] combined the genetic algorithm with the requested parameters and ap-
plied to the identification of material parameters. Kim et al. [19] proposed a size effect
model by investigating the effect of roughness in nanoindentation experiments. Based
on the first-order asymptotic solution, a simple analytical approximation is suggested for
the indentation scaling factor that takes into account the elastic layer’s finite thickness
as well as the effect of the elastic substrate [20]. By conducting indentation experiments,
Long et al. [21-24] investigated the residual stresses in Sn-3.0Ag-0.5Cu lead-free solder
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after annealing treatment, and discussed the effects of different annealing temperatures and
durations on the applied load—penetration depth (P-h) curves. Long et al. [25] established a
quantitative relationship between indentation strain rate and uniaxial tensile strain rate
by introducing the concept of rate factor, which is based on a set of polynomial func-
tions connecting the instantaneous and residual plastic zone radii and helps to break the
uniqueness of determining the unique elastic-plastic properties of a material by indentation.
Researchers focus on the effect of surface stress by pre-stressing the materials to be indented
by a Berkovich indenter [26]. In order to improve the accuracy of the reverse calculation,
a great deal of work has been done using different shapes of material properties of the
indenter [27-29], proposing advanced algorithms for FE simulations [30,31]. By using
dimensionless analysis, FE results are first combined with dimensionless functions, and
then a series of nonlinear fitting equations are proposed to determine the dimensionless
equations for the mechanical properties of elastic-plastic solids with work hardening [32].
It is noticed that these studies extended the application of indentation to characterize
mechanical properties such as surface stresses, residual stresses, and plastic properties of
elastoplastic substrates. However, existing studies were limited to the cases with only the
substrate model. This means that the methods and conclusions from existing studies cannot
shed light on the cases for film/substrate model. This underlines the urgent necessity to
incorporate thin-film materials in the FE model and consider the influence of the presence
of thin films on the whole process of indentation.

The purpose of this paper is to develop a method involving a combination of inden-
tation techniques and FE simulations to describe the mechanical behavior of thin films.
The reliability of the modeling is investigated mainly through simulation to verify the
experimental phenomena. The film is further assigned on the basis of a pure substrate
model in order to find out the influence of film properties on the indentation process.
Finally, a reverse analysis based on P-h curves as indentation response is presented in this
paper to acquire the mechanical properties of the substrate material. However, the theory
of the indentation technique is not well established especially for thin film materials. Hence,
a dimensionless algorithm based on the P-h curve as the indentation response is proposed
to obtain the mechanical properties of the thin film material.

2. Indentation Simulation by FE Method
2.1. Validation with No-Film Model

As thin metal films are widely used in microelectronic devices, optics, and other fields,
the mechanical properties of the films are also required in practice. Hence, it is especially
important to experimentally and numerically study the mechanical properties of thin films.
The indentation method can better address these problems and obtain the measurement
results with sufficient accuracy. However, the indentation method inevitably brings some
errors in the process of testing, such as local wear of the indenter, microscopic defects on the
surface of the specimen, and small changes in the experimental environment. These minor
error sources can be neglected in macro-scale studies. But these error sources can greatly
reduce the accuracy of measurement results in the nano-scale. With the help of FE analysis,
the application of indentation characterization of various mechanical theoretical models can
be significantly improved, by improving the mechanical properties of materials in terms of
measurement accuracy. Therefore, the information provided by FE simulations combined
with indentation tests can be more comprehensive. By performing FE simulations, the
predictions based on the three-dimensional Berkovich model are in general accordance
with those by using the two-dimensional equivalent model as found by Zhuk et al. [32].
Essentially, the standard Berkovich indenter enables the consistency in terms of projected
area by equivalent sharp indenters (e.g., conical, triangular pyramidal and square-based
pyramidal indenters) for the indentations [33,34].

Figure 2 shows the schematic diagram of the FE model for indention simulation with
a film/substrate structure by using a Berkovich indenter. The film is attached on top of
the substrate by assuming a perfect interfacial adhesion. This means that no delamination
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failure is taken into account in the present FE model. Regarding the loading condition,
displacement control is applied on the indenter by means of a reference point. For the
Berkovich indenter, the FE model can be simplified as an axisymmetric model with the
indentation half-angle of 70.3°. The substrate is regarded as a semi-infinite space body with
a height of 3000 pm, and the film thicknesses are selected as 10 um, 20 pm, and 30 pum for
the parameter identification of subsequently proposed dimensionless functions, and the
maximum penetration depth is selected as 2/3 of the film thickness. The mesh discretization
of the FE model is confirmed to be small enough to simulate such a semi-infinite space
problem after performing mesh sensitivity study.

Displacement Control
v

/

M Film

€2 ) )

(@)

Substrate

(@)

G.)

VAN AV Y Y Y A A A A & & & 4

v
zZ

Figure 2. Schematic diagram of the indentation model with a film/substrate structure under a
Berkovich indenter.

For the axisymmetric boundary condition, appropriate constraints are applied to the
left and lower sides in the semi-infinite substrate to simulate the real experiments. As the
stress distribution in the substrate induced by the indenter penetration is localized, the
left side of the semi-infinite substrate is free. The vertical displacement is applied at the
reference point of the indenter to penetrate the indenter into the film/substrate structure.
The applied load P on the indenter and the penetration depth & can be recorded throughout
the indentation process, so that the P-h curves under different working conditions are
utilized to characterize the mechanical response of the film/substrate structure. In the
elastoplastic deformation process, the substrate is considered to be elastic as the induced
stress is not significant, while the film material is identified by a piecewise elastoplastic
model with the plastic stage described by a power-law model which is usually expressed as

Ee e<eg
= - y
v { Re" e>ey ’ )

where E is the Young’s modulus, R is the strength coefficient, # is the hardening exponent,
and the yield strain ¢, is the corresponding to the yield strength which can be expressed as

oy = Eey, = Re”", (2)
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The total strain can be represented by the sum of the elastic strain ¢, and the plastic
strain ¢, as
e=¢g. +ep (©)

Combining the above equations, the stress ¢ can be written as

0,
o= —yn(ee—i-sp). 4)
€y

For validating the established FE models for simulating indentation response, a series
of comparisons is made for the FE predictions with the reported experimental results in
the literature. First, considering a simpler indentation condition without the composition
of film and substrate in the FE model, the predicted P-h curves are compared with the
experimental results [34]. Table 1 lists the mechanical properties for both elastic Berkovich
indenter and elastoplastic substrate. A wide range of film materials is elastoplastic materials
with the film thickness of 10-30 pm and the mechanical properties for Young’s modulus of
10-50 GPa, yield strength of 60-300 MPa, hardening exponent of 0.1-0.5, and Poisson’s ratio
of 0.07. As shown in Figure 3, the solid line indicates the FE simulations and the spheres
represent the experimental measurements [34], both of which are in good agreement,
confirming the accuracy of the FE models when predicting the indentation response.

Table 1. Mechanical properties for indenter and substrate.

- E (GPa) v n ory (Mpa)
Berkovich indenter 1060 0.07 - -
Substrate 215 0.28 0.13 330
200 T | T T
"]
Zhuk et al.
=150 - @ FE model i
g
A E,=1060 GPa
8100-  E =215GPa l
k5 n,=0.13
=
fé" 50 F O-ys=330 MPa 4
0 (. 1 | 1 |
0.0 0.5 1.0 1.5 2.0

Penetration depth 7 (um)
Figure 3. Response comparison of the established FE model and published result [34].

In addition to the validation of loading stage, the full process for both loading and
unloading is adopted to validate the indentation prediction accuracy of the established
FE model with the published results [35], as shown in Figure 4. In this validation, the
maximum value of penetration depth is 200 nm. For substrate, the Young’s modulus is
65 GPa and the yield strength is 300 MPa. For indenter, the Young’s modulus is 1141 GPa
and the Poisson’s ratio is 0.07. As shown in Figure 4, compared with the validation case
with 2 um, the penetration depth of 200 nm is much smaller. This means the established FE
models are nano and micro-scales capable of predicting the indentation behavior for both
nano and micro-scales.
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Figure 4. Response comparison of the established FE model and published result [35].

2.2. Validation with Film/Substrate Model

After validating the FE model for the indentation of homogenous substrate mate-
rials, the experimental result of composite materials with both film and substrate [36]
are also taken into account for validating the prediction accuracy of the established thin
film/substrate model. The indenter material is diamond with Young’s modulus of 1141 GPa,
and Poisson’s ratio of 0.07. The film material is TiN with the thickness of 2 um, Young’s
modulus of 427 GPa, Poisson’s ratio of 0.25, and yield strength of 13,500 MPa. For the
substrate, the Young’s modulus is 218 GPa, Poisson’s ratio is 0.3, yield strength is 1800 MPa.
With the good agreement of P-h curves as shown in Figure 5, the established FE model
is confirmed to be satisfactory to predict the indentation behavior of thin film/substrate
structure. Moreover, after further examining the stress distribution in film/substrate as
shown in the insert of Figure 6, severe plastic deformation is induced in the thin film but
elastic deformation is dominant for the substrate materials. So, it is reasonable to assume
elastic substrate material and focus on the elastoplastic behavior of thin-film materials in
the subsequent FE simulations with film /substrate of the present study.

45 T T T T T
Shan and Sitaraman

2 36 ¢ 2 FE model 7
)
S 27F E, =218GPa -
]
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= :
2 18} Ef:427GPa g
Q‘ —
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9 - 4

0 1 | 1 1 1
0.00 0.06 0.12 0.18 0.24 0.30
Penetration depth /2 (um)

Figure 5. Response comparison of the established FE model and the published result [36].
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Figure 6. Stress deformation diagram for indentation depth of 0.3 pm.

Subsequently, the indentation on hard film/soft substrate and soft film /hard substrate
material systems was comprehensively investigated. The soft and hard materials are
defined as isotropic elastic-perfectly plastic materials. Young’s modulus and yield strength
of the soft material are taken as 100 GPa and 1000 MPa, respectively. The corresponding
values for the hard material are 200 GPa and 20,000 MPa. The depth of substrate is 200 pum,
while the thickness of thin films is 2 um. The distributions of equivalent plastic strain in
both cases are compared in Figures 7 and 8. It was found that the deformation and the
corresponding value PEEQ under different working conditions are very close to each other.
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Figure 7. PEEQ comparison in the hard film/soft substrate model at /1,y = 900 nm: (a) reported
result by Pelegri et al. [37] (maximum value is 0.3240); (b) FE result (maximum value is 0.3290).
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Figure 8. PEEQ comparison in soft film/hard substrate model at /3¢ = 900 nm: (a) reported result
by Pelegri et al. [37] (maximum value is 2.419); (b) FE result (maximum value is 2.250).
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3. Dimensionless Analysis

Indentation tests are versatile in terms of controlling the applied displacement, load,
and time sequence, which can be illustrated in Figure 9. An indentation process includes
usually at least a sequence of loading and unloading. In the local region underneath the
indenter, elastic and plastic deformations occur when the indenter is penetrated into the
substrate material until the maximum penetration depth /,5y. The indentation develops
with a shape corresponding to the indenter shape. Since the plastic part does not fully
recover after the complete unloading of the load on the indenter, only the part of the elastic
deformation can be recovered until the residual penetration depth /,. Elastic properties can
be extracted from the elastic part of the unloading curve. This will facilitate the use of the
contact stiffness S as the initial slope of the unloading curve to quantify the elastic properties
such as the Young’s modulus. Considering the composition of film and substrate of interest
in the present study, the mechanical properties of the films can be further elucidated by
proposing the dimensional analysis based on extensive FE simulations.

A

hmax

>l
-

A

loading

unloading Pmax

Applied load P

Penetration depth /

Figure 9. Typical P-h curve under the thin film/substrate model.

The continuous measurement of the applied load during the loading stage can be
utilized to measure the hardness. As the average contact pressure of the material under the
indenter [37], hardness exhibits the material ability to resist local deformation, especially
plastic deformation, indentation, or scratching. Conventionally, hardness is defined by

P

H=—.
Ac

®)
where P is the applied load that is obtained directly from the P-k curve, and A, is the
projected contact area of the indenter tip in the substrate material which can be determined

for a Berkovich indenter as
A = 24.5h°. (6)

For a conical indenter in this axisymmetric problem, the contact stiffness S can be used
to calculate the Young’s modulus of the material and denoted as

dp 2
S= = ﬁEﬂ/AC. @)

10
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where dP/dh is the initial slope of the unloading curve, and E, is the reduced Young’s
modulus of the material which can be defined as

1 1-0v2 1—0972
Fr B Es - E ®)

The reduced Young’s modulus E; is evaluated from the indentation measurements
according to the following equation

E, — @ (dP/dh)unload
2 BVAC

where (dP/dh) . j.q 1S the scope of the unloading curve evaluated at the position of
maximum load. 8 is a dimensionless parameter related to the geometry of the indenter. For
the case of tapered indenter =1 [38].

However, it should be noted that the above equations cannot be applied directly for
the mechanical characterizations of thin films which are supported by their substrates, as
the substrate effect cannot be neglected. Usually, in order to avoid the influence of the
substrate for measuring reliable mechanical properties, the penetration depth should be less
than 10% of the film thickness. On the other hand, if the penetration depth is too small by
satisfying this limitation, the size effect should be concerned for such shallow indentations.
Therefore, the above equations can still be used but with a compromised penetration depth
for thin-film materials. This works is motivated to propose a method to determine the
mechanical properties of thin-film materials by considering the substrateg effect.

The applied load P generated by the entire indentation process is extremely dependent
on the mechanical parameters between the substrate and the film. As revealed by the
FE predictions, similar trend is expected to be captured by the proposed dimensionless
function in a similar way of the works done by Long et al. [39,40]. During the elastic-plastic
indentation deformation, the applied load P can be given as

©)

P = P(Es Ep,np, 05, ,t), (10)

where E; is the Young’s modulus of the base material, Ef and 7 are the Young’s modulus
and hardening exponent of the Berkowitz indenter, 0y, is the yield strength of the film, £ is
the penetration depth of the indenter, and ¢ is the thickness of the film. Since the indenter
parameters are constant, the material and geometric parameter related with the indenter is
not considered.

As identified in Equation (10), seven variables with three independent dimensions
(that is, length, mass, and time) are utilized. By proposing four dimensional terms, the
dimensionless functions are rewritten as

P ng-Eg oy h

By identifying the values of the dimensionless parameters, the dimensionless formulae
are derived in an elegant way to better reproduce the FE predictions. In order to increase
the reliability of the parameter fitting for the proposed dimensional analysis, random work
conditions with statistical distributions are considered when preparing the database of FE
simulations. For the selection of working conditions in this study, in addition to varying
the values with certain increments to cover the whole range of mechanical parameters,
some more working cases are also determined randomly so as to enrich the generalization
of the indentation database. For instance, the histogram of the determined thickness ¢
is shown in Figure 10. The other parameters such as Young’s modulus, yield strength,
and hardening exponent are also randomly determined in their individual ranges. The
indentation database with both incremental and random conditions can effectively enhance
the parameter fitting of the proposed dimensionless function.

11
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Figure 10. Distribution histogram of the thickness randomly determined in the range of interest.

4. Results and Discussions

Young’s modulus of the substrate is much larger than that of the film, which is the
standard case for the soft film /hard substrate of interest in this study. For the parameter
selection of FE simulations, the reasonable ranges of mechanical properties for the thin-
film materials are E § =10-50 GPa, oyf = 60-300 MPa, n = 0.1-0.5, and t = 10-30 um,
while the substrate material remains elastic. The variation of these mechanical parameters
covers most of the thin-film materials in the industries. The film constitutive behavior is
described according to Equation (1). After performing extensive FE simulations, the effects
of mechanical properties and film thickness on the P-h curves are further investigated.

As illustrated in Figure 11, it can be seen that the effects of these four parameters on
the curves are consistent. The applied load exponentially increases with the increase of
mechanical properties. As the penetration depth increases, greater difference is found for
the applied load due to the increase of these parameters gradually. Moreover, the applied
load decreases as the film thickness increases.

Apparently, the influences of these factors of material parameters and film thickness
can be well described by exponential fitting functions, which significantly guides the
explicit form of the proposed dimensional function.

In this work, the commercial analysis software Origin 2018 64 Bit is used to fit the
dimensionless formula. By focusing on the effect of material parameters and film thick-
ness on the corresponding P-h curve during the indentation, the indentation problem is
symmetrically investigated by performing FE analysis. Based on the indentation method
proposed by Oliver and Pharr [10] and the elastic-fully plastic material model, mechanical
parameters have been assumed. To perform the reverse analysis of constitutive parameters
of thin-film materials based on the indentation responses, a parameterized dimensionless
function is achieved based on the obtained FE results as

P g h n¢E h
Ef-h2 = a~£~<l—0—b~t)-exp<c- fESf> —O—d-?. (12)

where a = 0.04797, b = 1.19646, ¢ = 2.82563, and d = 3.87933 x 10~%. Furthermore, the fitting
accuracy is measured by the coefficient of determination R? of 0.90 for the FE predictions in
the database of various working conditions. This proves that the dimensionless function
agrees well with the FE simulations. It should be noted that the proposed dimensionless
function can be utilized to guide the parameters tuning when performing indentation tests
or simulations on film/substrate structures.

12
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Figure 11. Effect of material parameters and film thickness on the P-h responses: (a) Young’s modulus;
(b) hardening exponent; (c) yield strength; (d) film thickness.

In order to further examine the reliability of the dimensionless formulation, three
working conditions are randomly determined as listed in Table 2 (Casel: E = 41,905.8 MPa,
n =048, 0y, =252.5 MPa, t = 24 pm; Case2: E = 20,251.6 MPa, n = 0.40, 0y, = 225.7 MPa,
t =20 um; Case3: E = 31,448.7 MPa, n =0.19, 0ry=1124 MPa, t =13 um). It should be noted
that all cases are out of the database for the parameter identification. Thus, the comparisons
between the predictions by the proposed dimensional method and the established FE model
can be utilized to confirm the prediction accuracy of the proposed dimensional method.

Table 2. Three new randomly determined working conditions.

- E (MPa) n or, (Mpa) t (um)
Casel 41,905.8 0.48 252.5 24
Case2 20,251.6 0.40 225.7 20
Case3 31,448.7 0.19 1124 13

The solid line denotes the FE simulation results, and the scattered spheres corresponds
to the predicted results at different penetration depths. As shown in Figure 12, the final data
show that the dimensionless formulation is highly predictive for FE simulations, testifying
to the credibility of Equation (12).

13
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Figure 12. Prediction comparisons by the proposed dimensional method and the established FE
model for three new randomly determined conditions.

5. Conclusions

A dimensionless analysis is proposed to estimate the elastoplastic properties of thin-
film materials by the indentation method. After the simulation validation of the published
results, an FE method is used to parametrically investigate the extensive mechanical
parameters of the thin-film material. The prediction of the FE results shows a consistent
loading trend for various mechanical properties and film thicknesses, which makes it
possible to explore the relationship between the individual variables. With the parameters
to describe the indentation problem for dimensional analysis, a dimensionless function
related to the applied load is proposed. Using the proposed dimensionless function, the
penetration depth within 6 um is fitted with FE predictions up to 0.90. This means that
unlike simulations, the dimensionless function provides a reliable method of analysis.
With the film material and its mechanical properties established, the thickness of the film
required to withstand external loads may be a practical application technique that can
be developed. The applied loads were estimated for the films with different material
properties and the obtained results fit well with the results. FE simulations can verify
the accuracy of experiments, shorten the experimental cycle, and reduce material losses,
and the dimensionless method has good application prospects and provides theoretical
guidance for establishing parameter relationships by numerical methods.
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Abstract: In most engineering applications, the coefficients of thermal expansion (CTEs) of different
materials in integrated structures are inconsistent, especially for the thin-film multilayered coatings.
Therefore, mismatched thermal deformation is induced due to temperature variation, which leads
to an extreme temperature gradient, stress concentration, and damage accumulation. Controlling
the CTEs of materials can effectively eliminate the thermally induced stress within the layered
structures and thus considerably improve the mechanical reliability and service life. In this paper,
randomly distributed fibers are incorporated into the matrix material and thus utilized to tune
the material CTE from the macroscopical viewpoint. To this end, finite element (FE) modeling is
proposed for fiber-reinforced matrix composites. In order to overcome the challenges of creating
numerical models at a mesoscale, the random distribution of fibers in three-dimensional space is
realized by proposing a fiber growth algorithm with the control of the in-plane and out-of-plane
angles of fibers. The homogenization method is adopted to facilitate the FE simulations by using the
representative volume element (RVE) of composite materials. Periodic boundary conditions (PBC)
are applied to realize the prediction of the equivalent CTE of macroscopic composite materials with
randomly distributed fibers. In the established FE model, the random distribution of carbon fibers in
the matrix makes it possible to tune the CTE of the composite material by considering the orientation
of fibers in the matrix. The FE predictions show that the volume fraction of carbon fibers in the
composite materials is found to be crucial to macroscopic CTE, but results in minor variations in
Young’s modulus and shear modulus. With the developed ABAQUS plug-in program, the proposed
tuning method for CTE is promising to be standardized for industrial practice.

Keywords: fiber-reinforced composite; finite element simulation; coefficient of thermal expansion;
representative volume element; periodic boundary conditions

1. Introduction

Fiber-reinforced matrix materials are composite materials formed by using fiber or
carbon fiber fabric as reinforcement and resin, ceramic, metal, and cement as the matrix.
Such composite materials have the advantages of convenient processing, high specific
strength, and low relative density [1-3]. Such composite materials have been widely
applied in various sectors of industries. As the core competency, the design and opti-
mization of composite materials have been attracting more attention in scientific research
and technological development. For fiber-reinforced matrix composites, it is important
to understand the relationship between the macroscopic mechanical properties and the
material microstructure. With the significant advance in computing capacity in recent
years, numerical simulations can be performed for composite materials with increasingly
complex microstructures, providing new ideas for the design of composite materials [4-6].
Based on the characteristics of fiber-reinforced matrix composites, it is difficult to accurately
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describe the mechanical properties of composites by traditional mechanical models at the
macroscopic scale. Therefore, Panin [7] proposed the concept of micromechanics, which
was also accepted by most scientific and technological workers. The advantage of this
concept is that composite materials can be divided into multiple scale levels and analyzed
individually. On the basis of Panin, Mishnaevsky [8] introduced the concept of mesoscopic
continuum mechanics and concluded that this method also involves statistical principles
and quantum mechanics.

With the rapid development of electronic packaging technology, chips are developing
in the direction of miniaturization and high power. These all put forward higher require-
ments on the mechanical properties of packaging materials [9,10]. On this basis, some
studies have been carried out on the influence of fiber materials on solder joints [11,12]. As
the thermal effect continues to expand, the thermal failure problem of composite materials
for thin-film coatings in the interconnect material in the package structure is also more
serious. However, the current study on the coefficients of thermal expansion (CTEs) of
composite materials for thin-film coatings still has great challenges.

Carbon-fiber-reinforced matrix composites have the advantages of high strength and
isotropic elastic modulus, which are widely utilized in a wide range of applications such as
aerospace and electronic packaging. However, fiber-reinforced materials are complex in
their spatial configuration so far. Despite the extremely high randomness of the material at
the mesoscopic level, it generally exhibits good property homogeneity at the macroscopic
level. At appropriate geometrical scales, this localized inhomogeneity of the material can
be manipulated and handled by mesoscale units, which are usually referred to as unit cells.
In fact, there are a number of theoretical models and numerical methods for predicting the
mechanical properties of carbon-fiber-reinforced composites. When performing calculations
using mesomechanical models, Andriyana [13] considered not only the random distribution
process of fibers but also the orientation of fibers. Wan and Takahashi [14] studied the
effect of fiber aspect ratio on the tensile properties of materials by different modeling
methods and obtained the fiber aspect ratio to achieve the best tensile properties based
on the Mori-Tanaka model. However, it should be noted that the preparation process of
carbon-fiber-reinforced composites is complicated, and there is an unaffordable number of
variables involved in the preparation process. This leads to high research and development
costs. Therefore, computer-aided design has been used to optimize the distribution and
aspect ratio of fibers.

Mirkhalaf [15] carried out model design and nonlinear calculation using the reinforced
matrix composite material module in the finite element (FE) software, and obtained the
effects of different fiber volume fractions, fiber length—diameter ratios and orientation
distributions on the macroscopic mechanical properties of composite material. Similarly,
by using the Digimat-FE, Diaz [16] investigated the thermal conductivity of wood and
Trzepiecinski [17] completed the studies on the failure characteristics of composite materials.
In addition, Chao et al. [18] found that chopped carbon fibers also have the characteristics
of a negative thermal expansion coefficient in a certain direction. However, in the field
of electronic packaging, there are few related studies on the contribution of carbon fibers
to the mechanical properties of thin-film coating materials and the coefficient of thermal
expansion of composites. Therefore, this paper investigates the tunable thermal expansion
coefficient of composite materials for thin film coating.

In this study, a three-dimensional mesomechanical model of fiber-reinforced materials
is developed by using the parameterized preprocess in ABAQUS. In this process, the ap-
plication of the random distribution of carbon fibers in composites is realized through the
secondary development script of the ABAQUS software, and the randomness of the direc-
tion of carbon fibers is included at the same time. In order to more deeply reveal the effect
of carbon fiber microscale on the macroscopic mechanical properties of composites, the
macroscopical coefficients of thermal expansion (CTEs) of carbon-fiber-reinforced matrix
composites are calculated by using the representative volume element (RVE) method. Fur-
thermore, the influence of the volume fraction of chopped carbon fibers on the macroscopic
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CTE based on the RVE responses is explored, and it also provides a more reliable basis
for the in-depth research and comprehensive application of thin-film coating materials.
Accordingly, the study contents of this paper can be outlined as follows:

1. A simulation model of RVEs is established based on the theory of mesomechanics,
and the process and difficulties of its establishment are described in detail.

2. The random distribution of the position and direction of the fiber material in the com-
posite materials for thin-film coatings is realized by the calculation method combined
with the relevant development script file of ABAQUS.

3. The close integration of periodic boundary condition theory and finite element simu-
lation software is realized, and constraints are imposed on the corresponding nodes
of the RVEs.

4. The macroscopic mechanical properties and CTE in RVEs are calculated based on the
randomness of the fiber distribution.

Finally, the trend in the linear elastic properties and the CTE of the composites with
fiber volume fraction are further analyzed, and it is found that there is a certain negative
correlation, that is, with the increase in fiber volume fraction, the elastic modulus, shear
modulus and CTE decrease gradually.

2. Modeling of Representative Volume Elements for Composite Materials

To perform efficient FE modeling for the fiber-reinforced matrix composites, the
homogenization modeling approach is proposed on the basis of RVEs for analyzing the
mesoscale mechanical properties of composites [19-22]. To represent the macroscopic
material behavior and scale down the computational cost, periodic boundary conditions
are applied on the RVE as well. Therefore, the equivalent CTE of the composites can be
tuned through the adjustment of fiber properties [23-25]. In particular, the establishment
of FE models involves the characteristics of the random distribution of fibers in the matrix
and also considers the orientation of fibers inside the matrix, which is also a difficulty in
establishing a mesomechanical model.

The mechanical properties of fiber-reinforced composites, including but not limited to
the equivalent elastic properties, CTE, and volume fraction of fibers, can be investigated
efficiently using RVE [26-28]. However, for composite materials with internally structured
and randomly distributed fibers, it is important to reduce the computational cost by sensibly
selecting numerical models, which should also be as large as possible by taking full account
of the interaction between fibers and the matrix material. Thus, using a mesoscale RVE
approach ensures both computational accuracy and efficiency. In order to adequately
balance these contradictions, a mesomechanical approach is adopted in this paper to create
three-dimensional numerical models of random fiber-reinforced matrix composites.

2.1. Representative Volume Element Design Steps

Traditional methods of designing fiber-reinforced matrix composites suffer from time-
consuming design cycles and high manufacturing cost, which limit the efficiency of updat-
ing and iterating composites. This section realizes the rapid modeling of fiber-reinforced
matrix composites through a Python program script file based on ABAQUS. On this basis,
the influence of the material properties and geometric dimensions of the fibers and the
matrix on the equivalent thermal expansion coefficient is studied.

In order to accurately simulate the distribution of three-dimensional fiber units in
the matrix, the random distribution of fibers in the matrix is simulated according to the
microstructure characteristics of fiber-reinforced matrix composites. Through the random
generation algorithm, the initial coordinates of the fibers are determined, and the collective
growth process of the fibers is determined by the placement algorithm. Based on this fiber
placement algorithm, the accuracy of fiber placement can be significantly improved and
the time required for model creation is reduced. When using the Python program script file
to generate the model, the following issues should be paid attention to. The spatial position
of the fiber inside the matrix usually includes fiber spatial coordinates, fiber radius, fiber
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length, fiber spatial orientation, and fiber-to-fiber distance judgment. Based on the above
problems, using the Python program script based on ABAQUS, the creation process of
RVEs of fiber-reinforced matrix composites in ABAQUS can be divided into the following
five steps.

Step 1: Creation of a single fiber

As the fiber units are all solid units with the same radius and length, a fiber unit is
first generated, and a specific number of fiber aggregates can be obtained by repeatedly
repeating the operation. The resulting single fiber element is a solid element with a radius
of 1.5 um and a length of 10 pum.

Step 2: Generation process of fiber starting point coordinates

Generating a randomly distributed fiber usually includes the following parameters:
the coordinates of the center of the fiber base, the radius of the fiber base, the total fiber
length, and the fiber spatial orientation. Therefore, according to the uniform distribution of
fibers in space, the function library of ABAQUS is used to generate a specific number of
random numbers within a limited spatial range. Each group of random numbers represents
the coordinates of the starting point of the fiber. The spatial distribution problem in the
actual fiber formation process can be better simulated through this method, as shown in
Figure 1.
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Figure 1. Three-dimensional coordinates of fibers randomly distributed in space.

Step 3: Generation process of fiber endpoint coordinates.

Assuming that the fiber is straight in the actual production process and the fiber does
not bend during the growth process, the difference between the ending coordinate of the
fiber and the starting coordinate of the fiber is the length and the spatial orientation value
of the fiber. When a fiber rotates in three-dimensional space, it contains two parameters:
the in-plane angle 6 of the fiber, and the out-of-plane angle ¢, as shown in Figure 2.

Figure 2. Angle parameter of fiber distribution in space.
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The values of the spatial angles 6 and ¢ of the fibers are randomly selected in the range
of [0, 27] to ensure that the generated overall fibers have macroscopic isotropic properties
in statistics. In order to further study the probability distribution of fiber orientation in
space, a second-order tensor A;; was introduced, which was decomposed into the product
of eigenvalues and eigenvectors, and represented as a three-dimensional ellipse in space,
as shown in Figure 3.
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Figure 3. Definition of fiber orientation in three-dimensional space.

The direction vector formed from the center of the circle to any point on the ellipsoid
can represent the distribution probability of the spatial fiber at this point. The direction
distribution of each fiber is expressed by the angles 6 and ¢; then, the fiber distribution
within a specific range can be expressed by

sin®0cos®0  sin’Osinfcosgp  sinfBcosbcose
ajj = sin®Osingcosp  sin*0sin’p  singsinfcosd 1)
cos@sinfcost  singsinbcost sin’0

where a;; is the orientation distribution, and through the above coordinate analysis and the
analysis of fiber orientation in the fiber space, M and N can be used to represent the starting
and end coordinates of the fiber; then, the starting point coordinates M (Mx, My, Mz) and
the end point N(Ny, Ny, N;) can be expressed as

M, = random.rand(a,b)
M, = random.rand(a,b) 2)
M, = random.rand(a,b)

Ny = random.rand(a, b) + Lsingcosd
Ny = random.rand(a, b) + Lsin¢sinf (©)]
N, = random.rand(a,b) + Lcos¢

where 0 is the in-plane angle, ¢ is the out-of-plane angle, L is the length of the fiber, a
is the left boundary of the coordinate distribution, b is the right boundary of the coor-
dinate, and random is the random distribution function inline in Python. According to
Equations (2) and (3), the coordinates of the starting and end points of the fiber are deter-
mined, and the radius parameter R of the fiber is added to determine the relative position
of the entire fiber inside the matrix.
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Step 4: Interference determination of fibers based on spatial distance.

Since the starting point and end point coordinates of fibers are randomly generated,
the phenomenon of fiber intersection inevitably occurs, and interference determination
is required when the spatial position of the fiber is finally determined. When the phe-
nomenon of fiber intersection occurs, the distribution law of fibers in the matrix cannot
be well simulated, and also the intersected fibers lead to contact problems resulting in
numerical divergence and also significantly increasing computational time. Therefore, in
FE simulations, when the three-dimensional model of the fiber-reinforced matrix composite
material is finally generated, it is also necessary to check the interference between the fibers.

The method of checking fiber interference is to determine the shortest distance between
the centerlines of each fiber, which is usually greater than the diameter of the fiber’s bottom
surface. The center line of the fiber is a straight line in space, and the shortest distance
between the two straight lines in space is the length of the common perpendicular. However,
this paper needs to determine the shortest distance between the two lines in space, even if
the distance of the common perpendicular is smaller than the fiber diameter. If the distance
between the two ends of the fiber is ensured to be greater than the diameter, the fiber that
meets the requirements may also be generated, as shown in Figure 4.

Figure 4. Determination of the distance between fibers.

When calculating the shortest distance between M1N; and M;N,; of interspace line, it
is necessary to obtain the common perpendicular line segment Dv of the different plane
lines, and it is also necessary to calculate the lengths D, m,, Dy N,, Dm,n, and Dy, N,
of the lines between the four endpoints, and then compare with the diameter and length
of the fiber, respectively, when Dy, Dy, m,, DNy, D, N, and Dy N, are smaller than the
fiber diameter. It is determined that a fiber that meets the conditions has been generated,
and the distance determination is calculated by

D, m, = \/(Mlx — Mpy)* + (Myy — sz)2 + (Myz — My,)?
Dyyn, = \/(Mlx — Npo)? + (M, — Nzy)2 + (M, — Np,)?
Dwm,n, = \/(sz — Nip)* + (Mg — le)2 + (M, — Np,)?

DN, = \/(le — Nox)? + (Niy — Noy)? + (Niz — No)?

.
‘(M1N1XM2N2)'M1M2‘

(4)

Dy = — —
‘M]NlXMzNZ
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where Dy, 1, is the distance between points My and My, Dy, n, is the distance between
points M and Na, D, N, is the distance between points M, and N1, Dy, N, is the distance
between points N; and N;, and D, is the distance between vertical line segments of
interspace line M N; and M N>.

Step 5: Generating fiber solid model based on ABAQUS python function library.

Through the script interface of ABAQUES, all the fiber space parameters that meet the
requirements are processed into data and further reconstructed in ABAQUS, as shown
in Figure 5. The reconstructed functions used can call the function library included in
ABAQUS.

i |
Figure 5. Randomly distributed fibers.

2.2. Periodic Boundary Conditions for the RVE

Fiber-reinforced matrix composites have local randomness. When using RVEs to
carry out finite element numerical simulation of reinforced matrix composites, it is nec-
essary to ensure the continuity between elements. There are three realization methods
in numerical simulation to achieve this consistency on the boundary, given surface force,
given displacement, and imposed periodic boundary conditions. However, for the model
adopted in this paper, giving a surface force and displacement is unrealistic, so RVEs are
applied in the periodic boundary conditions (PBC) [29]. In addition, Chen [30] applied
each of the above boundary conditions using commercial FE software when investigating
the equivalent mechanical properties of 2D porous materials and compared the final finite
element analysis results with experiments. After comparison, it is found that when the PBC
is applied to the representative element, the obtained FE analysis results are the closest to
the actual properties of the material, and when the boundary conditions of a given surface
force and a given displacement are used, the obtained finite element analysis results are
obtained. There is often a large deviation in the numerical value between the analysis
results and the real mechanical properties of the material. In addition, Chen et al. [30]
also mentioned that if the real material model to be simulated has irregular shapes on
the boundary surface, the real situation of the material can be more accurately predicted
by using PBC by eliminating interfacial effects on irregular hole boundaries, as shown in
Figure 6. Therefore, PBC is applied to the RVE boundary according to the research object
and the above research results.
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Figure 6. Schematic diagram of PBC for an RVE.

Based on the application method of periodic boundary conditions, deformation control
can be performed on the boundary of RVEs so that the opposite surfaces of the elements
have deformation compatibility. During the finite element simulation, each outer surface
of the RVE has consistent deformation and force so that the entire fiber-reinforced matrix
composite model conforms to the basic assumptions of continuum mechanics. The finite
element analysis has laid the foundation. Suquet [31] conducted a theoretical derivation
on the theory of periodic boundary conditions, and the specific derivation process can use
the displacement field defined as Equation (5). In addition, Xia [32] completed further
verification and application on this basis.

U; = Ejxy + uf @)

where g is the average strain of the representative volume unit, x is any position inside the
representative volume unit, and u] is the periodic displacement correction of the boundary
position. The deformation coordination condition of Equation (5), ], is an unknown
quantity in the deformation process, and is only related to the global load on the RVE, so
this periodic displacement field cannot be applied to the actual operation process. In the
fiber-reinforced matrix composite structure mentioned in this paper, the boundary surfaces
of this structure are parallel so that the periodic displacement field can be written as

Ut =g +ur
i ikt i (6)

ul™ =gux, +uf

where j and j~ represent the positive and negative directions of the representative volume
unit, respectively. Since in the periodic boundary condition, the value of u; is the same on
the two opposite surfaces, subtracting the displacement expressions on the left and right
boundaries yields

n o
U{ —U{ :sik(x{c —xi ):eikAxi (7)

where Ax{C is the relative displacement value of the relative boundary. For a specific g, the
displacement change on the right side of the above Equation is a constant, so the above
equation can be rewritten as

W (x,y,2) —ul (x,y,2) = d(i,j=1,2,3) ®)
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By observing Equation (8), it can be found that the improved formula does not contain
the correction amount of the periodic displacement. ABAQUS is used to impose periodic
boundary conditions when the RVE is used for the simulation calculation. According to the
above theoretical derivation process, more MPC point constraint equations are added to
achieve stress—strain continuum conditions.

3. Equivalent CTE of Representative Volume Elements

This paper introduces three types of boundary conditions in finite element analysis.
Among them, the displacement-based analysis conditions are natural boundary conditions,
and the uniqueness of the solution is solved in the analysis process, but such boundary
conditions cannot accurately describe the RVE in the stress—strain field induced during the
deformation process. When applying periodic boundary conditions in ABAQUS, the grid
nodes on the opposite surface can be used to control the application of MPC multipoint
constraint equations. Most literature only mentions the mathematical expression of periodic
boundary conditions and does not mention the realization process in ABAQUS finite
element analysis, which is a considerable challenge for numerical analysis. This section
mainly expounds on the theoretical basis and implementation methods of applying periodic
boundary conditions in ABAQUS and then performs corresponding operations on the
corresponding nodes, edge nodes, and vertices on the parallel plane of the RVE, as shown
in Figure 7.
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Figure 7. Boundary conditions for multipoint constraint equations.

In this paper, in the finite element software ABAQUS, the RVE is generated by the
Python scripts. In addition, to ensure the consistency of the deformation of the symmetrical
points and surfaces of the RVE, it is necessary to use the method of Python script files.
The equivalent linear elastic mechanical properties of fiber-reinforced matrix composites
will be studied later. The modeling process of the RVE of the fiber-reinforced matrix
composite material in the finite element software was introduced in detail above. This
paper adopts the finite element model method to calculate the equivalent linear elastic
mechanical properties of the RVE. The method for calculating the equivalent linear elastic
mechanical properties of RVEs in this paper is based on the ABAQUS plug-in program.

In this paper, the thermal expansion coefficient of the fiber-reinforced base needs to be
regulated, so for the convenience of research, the elastic material properties of the selected
two-phase materials are given in Tables 1 and 2.
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Table 1. Material properties of reinforced fibers.

Elastic El E2 E3 GlZ G13 G23 V12 V13 V23
(GPa) 174 174 9.6 70.4 3.7 3.7 0.234 0.273 0.273
CTE a1 X2 33
(x1076/K) —0.07044 —0.07044 10.4956

Table 2. Mechanical properties of the matrix material.

Material Name Elastic Modulus (GPa) a (X10—6/K)
SAC305 20 0.4 24

Poisson’s Ratio

Fiber is a transversely isotropic material. When calculating with ABAQUS, it is
necessary to assign a local coordinate system to the material, and the thermal expansion
coefficient of the fiber is also related to the direction.

According to the data in Table 2, fibers are regarded as transversely isotropic materials,
each of which has an elastic axis of symmetry. The elastic constitutive relationship at any
two positions with this axis as the axis of symmetry is all the same. Therefore, when a
plane is perpendicular to the elastic symmetry axis, all directions in the plane are exactly
symmetrical to the elastic symmetry axis, and the elastic constitutive relationship is the
same. In transversely isotropic materials, the in-plane constitutive relation has in-plane
isotropy. The typical representative in nature is the flaky distribution of rocks. In this paper,
the elastic constitutive relation of the fibers in the isotropic plane is the same.

The elastic symmetry axis of the fiber is the radial direction of the fiber, so the direction
of the Z axis is taken as the elastic symmetry axis of the fiber, and the coordinate axes X and
Y establish an isotropic symmetry plane, as shown in Figure 8. In the isotropic symmetry
plane, when the X and Y coordinates are exchanged, the elastic constitutive relation of the
material does not change. In order to satisfy this condition, the elastic constitutive Jacobian
matrix coefficient must satisfy

C11 = 2
€13 = €23 9)
C55 = Ce6

Axis of symmetry

/

L 4

y Plane of symmetry

Figure 8. Elastic constitutive properties of fibers.
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Additionally, according to the invariant principle of the shear stress—strain relationship
given by:

1
Caq = 5(011 —c12) (10)

Through the above analysis, the elastic material properties of fibers can be described
only by five independent elastic constants, and the elastic matrix of fibers can be written as

C11 C12 (13 0 0 0

C12 C11 (13 0 0 0

C13 C13 (13 0 0 0
0 0 0 Leg—cp) 0 0 (1)
0 0 0 0 Cs5 0
0 0 0 0 0 Cs55

When using elastic parameters in ABAQUS, it also needs to be converted into a
stiffness matrix. Invert Equation (11) to obtain Equation (12):

Sx %l/ _1% ) zf: O 0 0 Ux
&y “EEE 00 0ffg
el _|-F % &# 0 0 0|)e 12)
Ty 0 0 0 £ 0 of]|%™w
Tyz 0 0 0 0 & off®
=2 lo 0 0 0 0 &)™

For transversely isotropic materials, the elastic axis of symmetry for each fiber needs
to be defined in ABAQUS, as shown in Figure 9. However, the direction of each fiber
is random. When the number of fibers reaches dozens or hundreds, how to accurately
apply an elastic axis of symmetry to each fiber is a technical problem that needs to be
solved urgently.

-

Material orientation

Figure 9. Material orientation of fibers.

In this paper, the Python script based on ABAQUS preprocessing is used to realize
the assignment of the local coordinate system to all random fibers. In ABAQUS, a local
coordinate system needs to be applied to each fiber first. For fibers, the application of
the local coordinate system is often related to the bottom surface and bottom surface
circumference of the fiber. The bottom surface is selected to define the isotropic surface
of the fiber, and the bottom surface circumference is selected to define the elastic axis of
symmetry of the fiber. Since the bottom surface and bottom surface circumference of each

27



Coatings 2022, 12, 836

fiber are different, it is necessary to use the preprocessing script to define the set of bottom
surface and bottom surface circumference each time random fibers are generated to lay
the foundation for the subsequent automatic addition of material directions, as shown in
Figure 10. Figure 10 highlights the local coordinate direction of each fiber in the model, and
uses 1, 2, and 3 displayed in different colors to represent the three axes of X, y, and z of the
spatial coordinate system.

Figure 10. Schematic diagram of fiber local coordinate system definition.

Similar to the method by Chao [18], the fibers used in this paper have a negative
thermal expansion coefficient on the isotropic plane and a positive thermal expansion
coefficient in the radial direction of the fibers, which means that when the temperature
increases, the shrinkage ratio of the fibers in the circumferential direction will be greater
than the elongation ratio in the radial direction so that the overall control of the equivalent
thermal expansion coefficient can be achieved. For the electronic packaging thin-film
coating materials studied in this paper, the calculation is performed assuming that the
base material is an isotropic material. Based on the above analysis process, this paper
has studied the equivalent mechanical properties and thermal expansion coefficients of
fiber-reinforced matrix composites with different volume fractions.

4. Result Discussion

In this paper, the generation method of fibers is to control the random generation
number of the coordinates of the fiber starting point. During each iteration of the calculation,
the different volume fraction of fibers can be easily generated by modifying the number of
fibers in the model. The tetrahedral mesh is used in the generated finite element model,
and the element type is C3D10, as shown in Table 3.

According to Table 3, as the number of iterations increases, the number of fibers
increases steadily, increasing the volume fraction of fibers. Due to the strong randomness
of the spatial distribution of fibers, the generated finite element model needs to be divided
into many meshes. When the fiber volume fraction is close to 2%, it reaches more than
400,000 meshes, still in the mesh density. When more extensive, this presents a higher
challenge to finite element calculation. Through finite element calculation, the data shown
in Table 4 are obtained.
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Table 3. Fiber integration in the generated finite element models.

Fiber Numbers Volume Fraction Mesh Number Computing Time (s)
50 0.2356 149,560 430
100 0.4799 205,991 885
150 0.6646 255,566 1142
200 0.8695 302,956 1537
250 1.1039 320,125 1914
300 1.2512 348,464 2085
350 1.3916 348,464 2423
400 1.6425 367,355 2751
450 1.8191 398,205 3005
500 1.9704 412,653 3363

Table 4. Equivalent linear elastic mechanical properties of fiber-reinforced matrix composites.

Volume 0.23% 0.47% 0.66% 0.86% 1.10% 1.25% 1.39% 1.64% 1.81% 1.97%
E;(GPa) 19.989 19.971 19.968 19.953 19.942 19.935 19.926 19.909 19.902 19.886
E»(GPa) 19.988 19.974 19.965 19.955 19.942 19.933 19.926 19.913 19.899 19.895
E3(GPa) 19.987 19.972 19.967 19.954 19.939 19.936 19.925 19.910 19.901 19.890
G12(GPa) 7.819 7.804 7.784 7.771 7.765 7.751 7.737 7.722 7.712 7.705
Gy3(GPa) 7.814 7.799 7.787 7.779 7.761 7.757 7.748 7.733 7.720 7.712
Gp3(GPa) 7.812 7.803 7.787 7.776 7.769 7.756 7.753 7.736 7.726 7.721
V12 0.277 0.277 0.276 0.276 0.275 0.275 0.274 0.274 0.274 0.273
V13 0.278 0.277 0.277 0.276 0.276 0.275 0.274 0.274 0.274 0.273
123 0.277 0.276 0.276 0.276 0.276 0.275 0.275 0.274 0.273 0.273

According to Table 4, the fibers act as a transversely isotropic material, but the phe-
nomenon that makes the material properties of composites different in different directions is
due to the fibers being distributed in the matrix according to the characteristics of random
starting positions and random fiber orientations. In addition, with the continuous increase in
the fiber volume fraction, the equivalent linear elastic mechanical properties of the composite
show a decreasing trend. The values of E1, Ey, and Ej are very close, and it can be found that it
can be approximated as a linear decrease. For the equivalent shear modulus of fiber-reinforced
matrix materials, the numerical differences in the three planes are not large, and it can be
approximately considered that with the increase in fiber volume fraction, the equivalent shear
modulus approximately exhibits a linearly decreasing trend. The equivalent Poisson’s ratios
in the three principal planes do not change much and can be considered consistent. Therefore,
the above-generated fiber-reinforced matrix composites can be regarded as isotropic materials,
and the calculated stress distributions are shown in Figures 11 and 12.
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Figure 11. Equivalent linear elastic properties of RVEs.
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Figure 12. Variation trend in equivalent Young’s modulus.

As shown in Figure 12, the equivalent moduli E;, Ey, E3 in the three planes are very
close. When the volume fraction is 0, it is an isotropic material with an elastic modulus of
20 GPa. At the same time, it can be found that the values of Eq, E;, and E3 decrease linearly
with the fiber volume fraction. After fitting the Origin data, Equation (13) can be obtained.

E1 =20 — 0.055 x Volum_F
E», =20 — 0.053 x Volum_F (13)
E; =20 — 0.054 x Volum_F

where Ej, Ep, E3 are three different equivalent linear elastic moduli, and Volum_F is the
fiber volume fraction.

As shown in Figure 13, the equivalent shear modulus of the fibers in the three planes
has approximately the same value. With the continuous increase in the fiber volume
fraction, the equivalent shear modulus shows a linearly decreasing trend. The data fitting
can obtain Equation (14):

Gip = 7.833 — 0.066 x Volum_F
Gy = 7.828 — 0.058 x Volum_F (14)
Gos = 7.825 — 0.054 x Volum_F

where Giy, Gy3, Go3 are three different equivalent shear moduli, and Volum_F is the fiber
volume fraction. In addition, the macroscopic thermal expansion coefficient of fiber-
reinforced matrix composites needs to be analyzed, and the results are shown in Figure 14.
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Figure 13. Variation trend in equivalent shear modulus.
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Figure 14. Trend in equivalent CTE with the variation in volume fraction of fibers.

It can be seen from that as the fiber content continues to increase, the equivalent
thermal expansion coefficient of the representative volume unit continues to decrease.
It can be seen from the numerical value that the overall thermal expansion coefficient
decreases by a considerable amount, which is limited by the calculation cost and calculation
accuracy. The highest content of fiber volume fraction discussed in this paper is close to
2%, and the empirical Equation (15) is obtained by linear fitting of Origin data:

tog = 247267 x 10° — 6.94244 x 10~7 x Volum_F (15)

where a,; is the equivalent thermal expansion coefficient, Volum_F is the fiber volume fraction.

According to the change trends in the above calculation results, further analysis is
completed and it is found that the reason for the equivalent Young’s modulus and shear
modulus showing linear decreasing trends as the volume fraction of the fibers increases is
due to the linear elastic properties of the carbon fiber and base matrix material. Moreover,
the different CTEs of the carbon fiber and matrix material cause the CTE of the thin-film
coating material to change with the carbon fiber volume fraction. Additionally, the CTE
of carbon fiber is much smaller than that of the matrix material, which also causes the
CTE of the thin-film coating material to decrease with the increase in the carbon fiber
volume fraction.

5. Conclusions

This paper mainly introduced the study on regulating the coefficient of thermal expan-
sion of composite materials for thin-film coatings used in the field of electronic packaging.
Based on the advantages of convenience, efficiency, and versatility of the commercial finite
element software ABAQUS, numerical simulations of fiber-reinforced matrix composites
were achieved by utilizing the representative volume element. Additionally, according
to the theory of mesomechanics, periodic mesh division and the application of periodic
boundary conditions were realized on the finite element model. Moreover, the equiva-
lent linear elastic mechanical properties of composites were further studied, including
the equivalent Young’s modulus, equivalent shear modulus, and the variation law of the
effective thermal expansion coefficient with the fiber volume fraction.

When the volume fraction of fibers accounts for 2% of the matrix, the Young’s modulus
of the fiber-reinforced matrix composite is adjusted to 19.886 GPa, the shear modulus is
7.7 GPa, and the equivalent thermal expansion coefficient is 23.324 ppm /K. The control
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effect of linear elastic mechanical properties is noticeable. This paper mainly has the
following two conclusions:

1.  The mesomechanical modeling of fiber-reinforced matrix composites is complex,
involving the random distribution and random orientation of fibers. In this paper,
the parametric modeling method based on Python program script files was used to
improve modeling efficiency significantly.

2. Through the finite element analysis of the fiber-reinforced matrix composite material
model, it was found that the equivalent thermal expansion coefficient of the material
can be effectively reduced with the continuous increase in the fiber volume fraction.
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Abstract: Three-dimensional-stacked packaging technology is widely used in memory chip pack-
aging, which can greatly increase the utilization ratio of the packaging area. However, problems
with the reliability of 3D-stacked packaging are also becoming more and more serious. In this paper,
first, a dynamic mechanical analyzer is used to obtain the EMC viscoelasticity parameters. Then, the
influence trend of different factors, such as EMC, die bond material and chip, on the performance
of the memory chip 3D-stacked packaging under a fixed temperature cyclic loading condition is
explored by the FE method.

Keywords: 3D-stacked packaging; finite element analysis (FEA); epoxy molding compound (EMC);
viscoelasticity; memory chip

1. Introduction

With the continuous development of electronic information technology, higher require-
ments are put forward for the ability of information storage, which promotes packaging
technology to develop towards miniaturization and high integration. The appearance of
three-dimensional (3D) packaging technology greatly increases the utilization ratio of the
packaging area, which is widely used in memory chip packaging. However, because of the
material characteristics of plastic packaging, problems such as warpage, delamination and
wire sweep in the packaging process that reduce the reliability of chips are becoming in-
creasingly serious. To improve package reliability, the rational design of 3D chip packaging
structure optimization is key.

The material properties of epoxy molding compounds (EMCs) change greatly dur-
ing packaging processes [1-3]. In particular, EMCs can become viscoelastic under high-
temperature processes. Therefore, the analysis of EMC materials that are subject to high-
temperature processes such as a post-mold cure must take into account their potentially
viscoelastic behavior [4]. The material viscoelastic constitutive model is closely related to
time, temperature and cure degree. Therefore, selecting a reasonable material constitutive
model is very important to correctly predict package warpage and stress.

The Finite Element Method (FEM) is widely employed for the prediction of the me-
chanical properties of packaging materials. For example, the influences of the structural and
material parameters on the package warpage of PoP (Package on Package) and TSOP (Thin
Small Outline Package) packaging were studied, in which the linear elastic constitutive
model was adopted [5,6].

Kim et al. used FEM to compare and analyze the influence of the linear elastic consti-
tutive model and the viscoelastic constitutive model on the warpage of BGA packaging.
Compared with the experimental results, it was found that the viscoelastic constitutive
model can be better used to predict the warpage of packaging than the linear elastic
constitutive model [7].

A significant number of papers have employed FEM to study the mechanical properties
of IC packages, such as TSOP [8], SiP [9] and BGA [10], in which a viscoelastic-based
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(a)

material model is adopted to account for the time- and temperature-dependent behavior of
the EMC.

To use the viscoelastic constitutive model, material parameter measurements are
highly important. The dynamic mechanical analyzer (DMA) test with the time-temperature
superposition principle is the mainstream technology to obtain the material viscoelastic
constitutive model of the EMC. The tensile storage modulus and loss modulus of EMCs
under different frequency and temperatures conditions can be obtained by DMA exper-
iments [11-15]; the main curves of storage modulus and loss modulus can be obtained
using the time-temperature superposition principle, and the time-temperature conversion
factor can be obtained by using WLF mode [16].

FEM, in conjunction with the viscoelastic constitutive model, has been found to be an
effective approach to exploring the mechanical properties of IC packaging. However, few
studies have focused on 3D-stacked chip packages, especially those in the working state.
This paper studies the 3D-stacked packaging structure of memory chips. Considering the
viscoelasticity of the EMC, this paper intends to explore the influence trend of different
factors, such as EMC, die bond material and chip, on the 3D-stacked package under the
temperature cyclic loading condition.

2. Finite Element Analysis
2.1. Geometric Model

The 3D-stacked package memory chip is involved the following components: stacked
chips, a substrate, a die bond material and an EMC [17]. The package structure and sizes
are provided in Figure 1 and Table 1. Note that the bonding wire is ignored in the FE model.

substrate

(b) (c)

Figure 1. Three-dimensional-stacked package memory chip structure. (a) Package outline; (b) laser
decap package sample and its left-top corner detail picture; (c) package cross-section schematic (chips
1 to 4 are memory chips, and chip 5 is a main-control chip).

Table 1. Packaging size and material parameters.

Item Material Size (mm) E (MPa) v A (ppm/°C)

9.38, T<Tg
38.68, T>Tg

EMC EMC 12 x 10 x 0.9 Test 0.3

10 x 8.0 x 0.1
10 x 7.8 x 0.1
Chip Si 10 x 7.6 x 0.1 131,000 0.3 2.8
10 x 74 x 0.1
4 x1.0x0.1

10 x 8.0 x 0.02
10 % 7.8 x 0.02 .

DA DAF 10 X 7.6 x 0.02 16440(52550 % 0.4 48.00
10 x 7.4 x 0.02

4 x 1.0 x 0.02
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Table 1. Cont.

Item Material Size (mm) E (MPa) v A (ppm/°C)
X, Y: 26,000 XZ,YZ:0.39 X, Y:15
substrate BT 12 x 10 x 0.2 7: 11,000 XY: 011 750

Note: X/Y/Z is material parameters in X/Y/Z direction.

2.2. Packaging Material Parameters

The material parameters of the memory chip stacked package listed in Table 1 were
largely obtained from the material supplier’s documents and the relevant literature [18,19].
The modulus of the EMC was obtained through experiments in the following section. The
EMC, chip and adhesive materials are all isotropic, while the substrate is orthotropic.

2.3. EMC Viscoelasticity
2.3.1. Experimental Instruments and Samples

The dynamic mechanical analyzer (DMA Q800, TA, Newcastle, DE, USA) was used
to obtain the EMC’s viscoelasticity parameters. EMC samples were obtained from Hitachi
Chemical Co., Ltd., Suzhou, China, and belong to the CEL-9240HF series. In the preparation
process, EMC pellets were first pressed and formed at 175 °C through a transfer molding
machine and then fully cured at 175 °C for 8 h. A sample size of 42 mm x 8.5 mm x 1.5 mm
was used, as shown in Figure 2.

F

Figure 2. EMC samples for DMA test.

2.3.2. Experimental Data and Data Processing

A single cantilever clamp in DMA Q800 was used for experiments, as shown in
Figure 3. The DMA detection mode was adjusted to the multi-frequency strain scanning
mode with an amplitude of 10 um. The starting temperature of the test was set to 25 °C,
which was then increased to 245 °C at a rate of 0.4 °C/min. The set frequency of the test is
shown in Table 2.

Figure 3. Single cantilever clamp in DMA.
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Table 2. Excitation frequency table for tensile mode DMA experiments.

No. 1 2 3 4 5 6 7 8 9 10 1 12 13
Fre(‘l}‘fze)r‘cy 01 018 032 056 1 1.8 3.2 56 10 178 316 56 100

2.3.3. Experimental Data

In this experiment, the sample data directly obtained by the DMA Q800 include the
storage modulus and loss modulus. The test data curves are shown in Figures 4 and 5,
respectively, which all show a strong temperature dependence.

24,000
—=—(0.1Hz
——0.18Hz
——032Hz
0.56Hz
= 18,000 —+—1Hz
% 1.8Hz
=1 —+—32Hz
= —+—56Hz
é’ ——10Hz
= 12,000 —+—17.8Hz
k] ——31.6Hz
=] ——56Hz
&h ——100Hz
s
3]
& 6000
0 : : . . .
0 100 200 300

Temperature T ('C)

Figure 4. Storage modulus vs. temperature at different frequencies.
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~ 600 +
0

300

Temperature T ('C)

Figure 5. Loss modulus vs. temperature at different frequencies.

The storage modulus E’ is used to describe the ability of viscoelastic materials to
store energy in the elastic deformation part, and its essence is Young’s modulus. It can be
seen from Figure 4 that, when the sample is in the low-temperature stage, it is in a glassy
state, which shows a certain hardness and brittleness. The storage modulus decreases with
increasing temperature, up until the point when the sample transitions to the viscoelastic
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state, which causes the modulus to decrease significantly. When the sample enters into the
rubber state, the modulus decreases at a slower rate and tends to be stable.

The loss modulus E” is used to describe the ability of viscoelastic materials to lose
energy as it is converted into heat when irreversible viscous deformation occurs in the
material, thus reflecting the viscous nature of the material. It can be seen from Figure 5 that,
with the continuous increase in test frequency, the loss modulus tends to increase, and the
peak value moves slowly towards the high-temperature range. In general, the smaller the
loss modulus is, the smaller the damping loss factor of the material is, and its mechanical
performance is much closer to that of an ideal elastomer.

In order to construct a master curve of storage modulus with a wider frequency
domain, first, the curves of storage modulus and temperature obtained by experiments in
Figure 4 are transformed into the correlation between storage modulus E’ and frequency w,
as shown in Figure 6. It can be seen from the figure that the glass transition temperature Tg
is about 105 °C. When the sample is in the low- and high-temperature range, the storage
modulus remains the same with the increase in frequency. Changes in the modulus are
mainly distributed in the temperature range of 85—135 °C.

24,000

——25C
—e—35°C
——45°C

——55°C

= | 65°C
18,000 ——

- — ——15°C

o et 85°C
= ——95°C
E;’ —  ——105C
w / ——115°C
3 ——125°C
= 12,000 + — ——135°C
g ——145°C
E ——155°C
° e 165°C
&0 ——175°C
= ——185°C
£ 6000 4 195°C
@ e 205°C
215°C
__,_,_._’/ 225°C
P e e e 235°C

——245°C

Frequency Igw (Hz)

Figure 6. Storage modulus vs. frequency under different temperatures.

Based on the time—temperature superposition principle, the glass transition temper-
ature Tg is selected as the reference temperature. The storage modulus curve at 105 °C
shown in Figure 6 remains unchanged, while the storage modulus curves at other tem-
peratures are moved and superimposed on both sides of the reference curve along the
horizontal coordinate axis direction. The main storage modulus curve shown in Figure 7
can thus be obtained. Taking the reference curve at 105 °C as the zero-displacement point,
the displacement of each curve in the horizontal direction is the displacement factor logor,
as shown in Figure 8. A nonlinear fitting is performed on the scatter plot of Figure 8 using
equations WLF [16], Equation (1), that is, the empirical constant of the material is obtained,

—CiT-T,

l = = 1
080T = & T T, 1)

where C; and C, are empirical constants, T is the test temperature and T is the reference
temperature.
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The main curve of the storage modulus obtained by the time-temperature superpo-
sition principle cannot be directly applied to FEA, and it needs to be converted into the
corresponding shear modulus and bulk modulus according to Equations (2) and (3) [20].

G'(t) = 25% @
Kt = 3(1E /—(t;v) ©

where G/(t) is the shear modulus, K’(t) is the bulk modulus, E’(t) is the storage modulus,
t is the time and v is Poisson’s ratio.

24,000

—&—D5iE

—+—35TC

——45C

e o
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5) 18,000 = ——r5C

) 85C
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= e 5
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Figure 7. The master curve of storage modulus for EMC sample.
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Si

DAF

Substrate

EMC

The shear modulus and bulk modulus can be expressed by the generalized Maxwell
model [21], shown as Equations (4) and (5), respectively,

w72
K'(w) = Keo 4
+IZ1’ 1—i—cu2 @)

w72
G'(w) = Geo 5
+>: 1—|—w2 ©)

where K is the bulk modulus in the rubber state, G, is the shear modulus in the rubber
state and T; is the relaxation time.

According to the obtained shear modulus curve and bulk modulus curve, the shear
relaxation coefficient G; and bulk relaxation coefficient K; applied in the finite element
simulation can be obtained by nonlinear fitting. The relevant material parameters are
summarized in Table 3.

Table 3. Viscoelastic material parameters of epoxy molding compound.

Relaxation Time Shear Re.la.xation Volume R.el.axation
No. 7 (s) Coefficient Coefficient
! G; K;

1 1.00 x 108 239.32 518.54
L) 1.00 x 107° 272.59 590.62
13 1.00 x 104 354.33 767.71
T4 1.00 x 1073 349.54 757.34
15 1.00 x 1072 513.60 1112.8
%6 1.00 x 1071 966.29 2093.6
7 1.00 x 109 853.56 1849.4
T8 1.00 x 10! 1106.5 2397 .4
9 1.00 x 102 726.77 1574.6
710 1.00 x 10% 560.19 1213.8
711 1.00 x 10* 475.34 1029.7
12 1.00 x 106 305.22 662.19
713 1.00 x 108 87.513 183.44
14 1.00 x 10° 150.87 342.30

2.4. FE Mold

2.4.1. FE Mesh

Using FEA software MSC.MARC (version 16.0) to study the mechanical property of
packaging, the geometric modeling is carried out according to the memory chip 3D-stacked
package structure, and the corresponding material properties are given in Table 1. The
mesh generation is divided by plane stretching into hexahedral mesh elements, and the
mesh elements of the contact part are refined. The properties are set as three-dimensional
solid elements, as shown in Figure 9. The total number of grid cells reached 572885.

Figure 9. Package material properties and FE grid.
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2.4.2. Boundary Conditions and Load

Since the structure of the package is not completely symmetrical, in the analysis
process, the nodes near the center area at the bottom of the substrate are selected for
complete displacement constraint (U = v = w = 0), the adjacent nodes are fixed in the Y
direction (v = 0) and Z direction (w = 0), respectively, and the remaining nodes remain free.

For the thermal stress simulations, an initial ambient temperature of 25 °C was set as
the zero-stress state, and a loading temperature cycle of —55° C—125 °C with a cycle time
of 3360 s for 5 cycles was used. The temperature cycle loading curve is shown in Figure 10,
where the temperature rises and drops at a rate of 10 °C/min, and the constant temperature
is maintained for 10 min after reaching the high- and low-temperature stages.
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Figure 10. Temperature cyclic loading curve.

3. Results and Discussion
3.1. Analysis of Stress Simulation Results

Young’s modulus is usually used to describe the anti-deformation ability of solid
materials. Since the glass transition temperature of the EMC samples obtained in the
previous experiments is only 105 °C, the EMC transitions from the glass state to the rubber
state when the temperature rises above 105 °C during the temperature cycle simulation
process. As such, the modulus decreases greatly, resulting in large warpage of the package
at the high-temperature stage, reaching 21.84 um. This occurs at the top corner of the EMC
material of the package, as shown in Figure 11a.

Although the warpage at high temperature is large, the stress relaxation of the vis-
coelastic EMC material also occurs such that the stress phenomenon inside the package is
effectively alleviated. A maximum stress value of only 61.58 MPa is reached. When the
constant temperature stage ends and the temperature drops below 105 °C, the modulus
begins to rise sharply and the deformation ability of the EMC becomes worse, resulting
in less deformation in the low-temperature stage. The internal stress of the package also
begins to increase with the increase in the EMC modulus. The maximum stress obtained in
the low-temperature stage is 75.63 MPa, which occurs at the corner of the interface between
the lowest chip and the adhesive material. The maximum stress change in the cycle is
shown in Figure 12.
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Figure 11. Package deformation and stress cloud picture. (a) Package deformation cloud picture at
high temperature; (b) package deformation cloud picture at low temperature; (c) package stress cloud
picture at high temperature; (d) package stress cloud picture at low temperature.
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Figure 12. Change in maximum stress in load cycle.

The maximum stress of chip-1 to chip-5 is 75.63, 59.60, 49.44, 46.94 and 26.60 MPa in
increasing chip order, which shows a decreasing trend from bottom to top, as shown in
Figure 13. It can be seen from the stress cloud picture of each chip that the maximum stress
always occurs at the interface between the chip stacking step and the adhesive material
and is far less than the breaking stress limit of 6-7 GPa of silicon material. This proves that
the packaging structure meets the process standard from the perspective of stress analysis.
Therefore, the following sections of this paper mainly focus on the optimization design of
the package warpage.
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Figure 13. Stress cloud picture of each layer of stacked chips. (a) Chip-1 stress cloud picture; (b)
Chip-2 stress cloud picture; (c) Chip-3 stress cloud picture; (d) Chip-4 stress cloud picture; (e) Chip-5
stress cloud picture.

3.2. Analysis of Warpage Simulation Results

The mismatch of the thermal expansion coefficient between the materials of the pack-
age is the root cause of warpage [22]. In addition to this, changes in the internal structure
and material properties can influence warpage. It is generally required that the warpage
should not exceed 50 um [18] in the height direction. In this study, the package warpage
value under a temperature cycle is selected as an evaluating indicator in order to explore the
influence of packaging structure on package warpage. In addition, different applications
of memory chips often lead to changes in the substrate structure. It should be noted that
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the study mainly analyzes the general rules of the influence of packaging materials on the
warpage of the package and does not consider the influence of the substrate.

3.2.1. Influence of EMC Thickness on Warpage

From the perspective of the packaging structure, the increase in the thickness of the
EMC helps to improve warpage in the production process and extend the distance between
the internal chip and the external environment, and thus reduce the possibility of moisture
diffusion corrosion. However, the increase in the thickness of the EMC will also lead to
poor heat dissipation performance of the chip. The design of 3D packaging must therefore
aim to find the balance between internal junction temperature and package warpage. The
influence curve of the EMC thickness on the package warpage is shown in Figure 14.
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Figure 14. Influence of EMC thickness on warpage.

The results show that with the increase in the thickness of EMC material, the warpage
value of the package decreases and reaches a minimum value of 18.08 um when the
thickness is 1.1 mm. The changing range is more than 5 pm, and therefore the thickness of
the EMC material can be regarded as one of the main influencing factors. At a thickness
of 0.8 mm EMC material, the top chip is only 0.2 mm away from the EMC surface, and
the bonding wire loop height here is 150 pm. Considering that subsequent laser marking
requires a 50 um safe distance, a 0.2 mm EMC thickness is regarded as the limit. In
combination with the above analysis, in order to effectively reduce the reliability problems
caused by packaging warpage, the thickness of the EMC can be appropriately increased
within the allowable range of the structure.

3.2.2. Influence of Die Bond Material on Warpage

In the packaging process of three-dimensional memory chips, DAF (die attach film) is
usually used for the die bond [23], with a typical thickness of 5—30 pum [24]. In this section,
the influence of DAF thickness and the coefficient of thermal expansion (CTE) on warpage
is investigated. The influence curve of DAF on the package warpage is shown in Figure 15.

There are five layers of DAF inside the package, where every 5 um increment in the
DAF thickness causes a 25 pm change in the package thickness. The simulation results
show that the warpage value of the package increases gradually with the increase in DAF
thickness, where the maximum value of 23.39 um is obtained when a DAF thickness is
increased to 30 um. In addition, the increase in the CTE of DAF will lead to a smaller
increase in warpage, with a maximum warpage value of 22.17 um obtained at 80 ppm/°C
of DAF CTE. The increasing amplitude is 0.7 pum with different DAF CTE. Therefore,
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the thickness of DAF should be controlled as much as possible, and a low CTE should
be selected.
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Figure 15. Influence of DAF on warpage. (a) Influence of DAF thickness on warpage; (b) influence of
DAF CET on warpage.

3.2.3. Influence of Die Thickness on Warpage

The wafer original thickness is usually 750 um, which will be reduced to 320 pm,
230 um and even 50 pm when packaging. The circuit itself only occupies fewer than
5 um, but with the decrease in wafer thickness, its strength also decreases. For the 3D-
stacked packaging of memory chips, the number of internal integrated chips determines
the capacity of information storage. However, the control of chip thickness is not only
related to the packaging process but also needs to consider the influence of deformation
and thermal stress during the packaging process.

There are five layers of chips inside the package, where every 10 um increment in chip
thickness leads to a 25 um change in the package thickness. The simulation results show
that with the increase in the chip thickness, the package warpage shows a weak downward
trend and obtains a minimum value of 20.89 um when chip thickness decreases to 130 um,
as shown in Figure 16. The material of the chip is monocrystalline silicon, which has a
large Young’s modulus and a thermal expansion coefficient much lower than that of all
other packaging materials. The increase in the chip thickness leads to an increase in volume
occupied by the silicon material in the package, which affects the deformation ability of the
package. Therefore, the chip thickness can be appropriately increased to resist the influence
of package warpage.
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Figure 16. Influence of die thickness on warpage.
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4. Conclusions

In this study, using the FE method and considering the viscoelasticity of the EMC, this
paper uses DMA to obtain the EMC viscoelasticity parameters and then uses the FE method
to explore the influence trend of different factors, such as EMC, die bond material and
chip, on the performance of the packaging under the temperature cyclic loading condition.
The results show the following: (1) in the temperature cycle simulation process, when the
temperature rises above 105 °C, the EMC transitions from the glass state to the rubber state,
and the modulus decreases greatly, resulting in large package warpage up to 21.84 um
in the high-temperature stage; (2) although the warpage at high temperature is large, the
stress relaxation of the viscoelastic EMC material also occurs at this time. This effectively
alleviates the stress inside the package to a value far less than the breaking stress limit of
silicon material; (3) different package structures could lead to different package warpage,
and the influence of EMC thickness on warpage is much greater than the die and die bond
material. To effectively reduce the reliability problems caused by packaging warpage, the
thickness of the EMC can be appropriately increased within the allowable range of the
structure for the application of memory chip 3D-stacked packaging; and (4) in this study,
the best warpage value for a memory chip 3D-stacked packaging sample was obtained with
an EMC thickness of 1.10 mm, a DAF thickness of 0.0lmm, a DAF CTE of 16 x 10~¢/°C
and a die thickness of 0.13 mm.
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Abstract: Semiconductor chips are packaged in a process that involves creating a path to allow for
signals to be exchanged with the outside world and ultimately achieving a form to protect against
various external environmental conditions such as heat and moisture. The wire bonding type of
packaging is a method in which thin metal wires are bonded to pads to create an electrical connection
between the chip and the lead frame. An Epoxy Molding Compound (EMC) can be applied to protect
semiconductor chips from external environmental conditions such as heat, shock, and moisture.
However, EMC contains halogen elements and sulfides and has hydrophilic properties, which can
lead to a corrosive environment. The present study aims to evaluate the influence of chloride, which
is a contaminant formed during the PCB manufacturing process. To this end, the galvanic corrosion
of bonding wire materials Cu wire, Cu wire alloyed with 1% Pd, and Cu wire coated with Pd was
investigated. The first ball bond was bonded to the Al pad and the second stitch bond was bonded
to the Au pad of the manufacturing process, after which the galvanic corrosion behavior in the
semiconductor packaging module specimen was analyzed. A model of galvanic corrosion behavior
was also proposed.

Keywords: wire bonding; Al or Au pad; Pd alloyed wire; Pd coated wire; galvanic corrosion

1. Introduction

Semiconductor chips are packaged, which is a process that is intended to create a
path by which signals can be exchanged with the outside world and create a form that can
protect against various external environmental conditions such as heat and moisture [1].
There are several ways to electrically connect semiconductor chips and substrates, including
wire bonding, flip chip bonding, and via silicon [2-4]. Among them, wire bonding is a
method in which thin metal wires are bonded to pads to create an electrical connection
between the chip and the lead frame [5,6]. The metallic types of wires that are mainly used
for wire bonding are Au, Ag, Cu, Al etc., and are typically of fine thickness, which directly
affects the efficiency and reliability of semiconductor modules; therefore, it is important to
use wires with excellent corrosion resistance and joint degradation characteristics.

In semiconductor packaging, various types of wires are bonded to an Al bond pad
to connect them electrically, and then the semiconductor chip is encapsulated to protect it
from the external environment. The encapsulation process mainly uses Epoxy Molding
Compound (EMC) [7,8]. EMC is widely applied in semiconductor packaging due to its low
cost and easy processing, but it inevitably contains ions such as halogen elements (C1~,
Br~, F7) and S [5,9-13], and also has hydrophilic properties that cause it to absorb moisture
from the air. As a result, the use of EMC promotes ion diffusion and creates a corrosive
environment in the electrolyte [7,12,14-16].
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Chloride ions are uniformly distributed in the molding compound matrix. To reduce
susceptibility to this corrosion, the mold compound contains ion-trapping components
that can immobilize the migration of chloride ions; however, packaging processes such
as wire bonding and molding can generate chloride ions in localized areas where the
temperatures are in excess of the temperature at which chloride is formed, thus causing
high concentrations of chloride ions to diffuse through the mold compound [17].

Some packaging processes attempt to avoid corrosion and reliability problems by
adjusting the pH to the neutral range and specifying a low ppm range, but chloride
ions can also be introduced when using this method [17]. In other words, impurities in
the atmosphere include chloride ions, with particles originating from various types and
sources. PVC (polyvinyl chloride) materials containing such chloride may decompose at
low temperatures below 135 °C, and in some cases even lower temperatures, depending
on the additive ingredients, ultimately forming chlorine compounds such as HCl [17].
These Cl™ ions can weaken or dissolve the passivation layer in a humid environment,
consequently initiating corrosion and narrowing the stable pH range as well as accelerating
oxidation, reduction reactions, and the growth of intermetallic compounds, all of which are
closely related to the failure mechanism of wire bonds [7,12,18]. In corrosive environments,
wires and Al bond pads bonded for electrical connections are subject to galvanic corrosion
caused by potential differences [4,7,18-21].

In the wire bonding process, the wire bond consists of a first bond, which is made
on the die bonding pad, and a second bond, which is made on the substrate bonding pad.
The first bond is generally formed into a ball shape to provide adhesion and is called a
ball bond, while the second bond is called a stitch bond [22]. Both bonds are formed on
the PCB substrate, and because stitch bonds are smaller than ball bonds, they are more
susceptible to issues related to the plating quality of the pad and surface contamination,
which can affect adhesion [22]. The corrosion of Al pads depends on various factors such
as halide concentration, pH, corrosion cell characteristics, bimetal contact, temperature,
humidity, etc. [12,23-26]. In CI~ environments in particular, the potential difference of
alloys connected in a galvanic couple in the same corrosion environment influences galvanic
corrosion behavior, and the corrosion behavior in a corrosion environment in the same
galvanic couple was found to be influenced by the anodic and cathodic Tafel constants
of the alloys [27]. It has also been reported that the tendency of galvanic corrosion in
PCB units is related to the polarization behavior of the anode material in contact with the
cathode material [27].

Cu wire has been widely used as an alternative to Au wire in nano-electronics packag-
ing due to its relatively lower cost of raw materials, which in turn can lower overall costs,
as well as advantages such as high electrical conductivity and tensile strength, low thermal
and electrical resistivity, and improved long-term reliability compared to Au wire bond-
ing, which are attributed to the low reaction rate between Cu and Al [1,6,9-12,18,28-32].
However, Cu wire requires different process conditions than Au wire, which increases the
process cost, and its high hardness makes it difficult to form balls, at the same time requir-
ing the use of high pressures during bonding, which may cause cracks in the pad [6,29].
The Cu wire is also easily oxidized by air due to its low corrosion resistance, so Pd and
Au, which are materials with good corrosion resistance, are alloyed or coated on the wire
to increase its lifetime and improve the bonding reliability under humid and electrically
biased conditions [1,2,5,6,10,29,32-34].

In most cases, wire manufacturers use Cu coated with Pd rather than bare Cu. When
Cu wire is coated with Pd, it is resistant to oxidation and does not require a forming gas,
so it exhibits a greater reliability of secondary bonding [6]. However, its disadvantage
is its higher average hardness and melting point than bare Cu, as well as being more
expensive [6]. Pd or Au have very good corrosion properties on their own, but when
connected to Al or Cu, the risk of galvanic corrosion increases significantly due to the larger
potential difference [9,11,16,35].
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The Pd coating on Cu wire shows sufficient potential to replace Au wire, as it has
excellent bendability and reliability at a relatively low cost [2,6,34,36,37]. The Pd layer on
the Cu wire prevents the formation of CuO and protects the bonded ball from corrosion,
and stringent molding compound requirements can also be relaxed [6]. The Pd layer on the
Cu wire is beneficial to the Cu wire, reducing its corrosion rate due to its electrochemically
noble properties, and it improves the failure time in highly accelerated temperature and
humidity stress tests (HASTs) [2,33,38].

As reviewed above, various studies have been conducted to examine corrosion phe-
nomena between wire bonding materials that are typically applied in semiconductor
packaging, but a systematic approach to managing galvanic corrosion between these mate-
rials is lacking. Therefore, the present study evaluates the effects of chloride contaminants
formed during the PCB manufacturing process by assessing galvanic corrosion between
Cu wire, Cu wire alloyed with 1% Pd, and Cu wire coated with Pd. This is also explored by
fabricating a first ball bond on the Al pad and a second stitch bond on an Au pad, to verify
galvanic corrosion behavior using a temperature humidity test (THT) in semiconductor
packaging module specimens.

2. Materials and Methods
2.1. Test Specimen

Two types of specimens were used in this study: specimens for electrochemical
galvanic corrosion between bonding wires and pads, and module specimens that were
bonded under semiconductor packaging simulation conditions.

For electrochemical galvanic test specimens: The pads where wire bonding takes
place were created by depositing aluminum (Al) onto a 4-inch silicon (Si) wafer using
a DC Magnetron Sputterer (KVS-2002L, Korea Vacuum Tech, Kimpo, Korea). For this
purpose, a 99.999% pure Al target was used, with deposition conducted under an argon
(Ar) gas flow of 20 Standard Cubic Centimeters per Minute (SCCM), a pressure of 1 mTorr,
and a power setting of 50 W to achieve a thickness of 605 nm. Then, the sputtered wafer
was diced and connected to copper wire using carbon tape for electrochemical testing.
All parts of the electrically connected specimen, aside from an area of 0.04 cm?, were
insulated using acid-resistant epoxy for the electrochemical tests. Meanwhile, the bonding
wire was produced from refined materials with increased purity by excluding impurities,
melting, and then alloying to determine the wire type. The alloyed wire is initially formed
through continuous casting, processed to reduce its diameter, and finally ready for use
after undergoing heat treatment and coiling processes. The bonding wires (Cu, CulPd,
and PC wire) used in this study were manufactured by MK Electron Co., Ltd. (Yongin,
Gyeonggi-do, Korea), and three wires having the composition presented in Table 1 were
used as specimens.

Table 1. Types, compositions, and diameters of bonding wires.

Wire Types Composition Diameter, pm
Pure Cu Cu wire Cu 99.99 wt. % 25
Pd alloying CulPd wire Cu99 wt. % +Pd1wt. % 25
Pd coated Cu PC wire Cu 99.99 wt. %/Pd coating 25

For the temperature humidity test wire bonding module [27]: The wire bonding
module consists of a first ball bond and a second stitch bond. Under the conditions listed
in Table 2, wire bonding was performed on the bond pads in the FR4 PCB using a wire
bonder (K&S RAPID PRO, Kulicke & Soffa, Singapore, Singapore), and the modules were
manufactured by MK Electron Co., Ltd. (Yongin, Korea). The first ball bond was bonded
with a wire of 25 pm in diameter to a pure Al pad, and the thickness of the Al pad was
10,000~12,000A. The second stitch bond was bonded with a 25 um diameter wire to a
pure Au pad (the thickness of the Au pad is 0.3 um). Figure 1 shows a module specimen
manufactured as detailed above.
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Table 2. Bond parameters of wire bonding on the module.

Cu Wire CulPd Wire PC Wire
Process 1st 2nd EFO * 1st 2nd EFO * 1st 2nd EFO *
Current (mA) 55~85 75~120 40 55~85 75~120 40 55~85 75~120 40
Time (pus) 5~10 10 730 5~10 10 710 5~10 10 705
Force (grams) 25~70 45~75 25~70 45~75 25~70 45~75

* EFO: Electronic Flame-Off.

Figure 1. Module specimen containing 1st ball bond and 2nd stitch bond manufactured by MK
electron Co., Ltd.

2.2. Polarization Test

A polarization test was conducted to evaluate the corrosion characteristics of the bond
pad and bonding wire. To evaluate changes in this behavior under different hydrochloric acid
(HCI) concentrations, solutions of 1% NaCl, 1% NaCl + 0.01% HCl, 1% NaCl + 0.1% HCI, and
1% NaCl + 1% HCI were de-aerated with N, gas at a rate of 200 mL/min for 30 min before
the polarization test. The solution temperature was kept at 25 °C. The test equipment
used was a Potentiostat (Interface 1000, Gamry, Warminster, PA, USA), in which the
reference electrode was a saturated calomel electrode (SCE) and the counter electrode was a
platinum electrode. After installing the specimen in the Avesta cell, the corrosion potential
was measured after 60 s of conditioning at a potential approximately 200 mV below the
corrosion potential, and with an initial delay of 150 s at open-circuit potential, after which
the polarization test was performed at a rate of 0.33 mV/s.

2.3. Electrochemical Galvanic Corrosion Test

An electrochemical galvanic corrosion test was conducted to evaluate the galvanic
corrosion behavior of the bond pad and bonding wire. In this test, an SCE was used as
the reference electrode and a bonding wire was used as the counter electrode. The test
solution used was the same 1% NaCl + x% HCl solution used in the polarization test, with
the anode to cathode ratio set to 1:1 to exclude any surface. The test equipment used was a
Potentiostat (Interface 1000, Gamry, Warminster, PA, USA).

2.4. Temperature Humidity Test (THT)

To evaluate the corrosion properties of the module specimens, a temperature humidity
test was performed at a constant temperature and using a humidity chamber (PR-2J, ESPEC,
Osaka, Japan). For wire-bonded modules, the test was performed after they were baked
at 175 °C for 3 h prior to the test for IMC (intermetallic compound) growth. The module
specimen was placed in a chamber by fixing the module specimen to an epoxy substrate and
placing it in a glass reaction chamber containing the test solution (the specimen assembly
schematic that was followed is described in detail in a previous work [28]). The specimens
were placed in the glass cell, which was then placed in the chamber, and the chamber was
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maintained at 85 °C, 85% R.H. for 100 h. The test solutions were 1% NaCl solution and 1%
NaCl + 0.1% HCI solution.

2.5. Surface Analysis

An Optical Microscope (ZEISS, Axiotech 100HD, Oberkochen, Germany) was used
to observe the specimen morphology before and after testing, while a 3D microscope
(VK-X3000, Keyence, Itasca, IL, USA) was used to observe the overall geometry of the
wire connected to the 1st ball bond and the 2nd stitch bond before and after the test.
Meanwhile, FE-SEM (FE-SEM, MIRA3XMH, Tescan, Brno, Czech Republic) and EDS
(Energy Dispersive X-ray Spectrometer, Mmax 50, Oxford, UK) were used to observe and
analyze the morphology of the corroded surfaces and components, respectively.

3. Results and Discussion
3.1. Electrochemical Galvanic Corrosion Behavior of Bonding Wires and Pad Alloys

To evaluate the galvanic corrosion behavior at different HCI concentration, test solu-
tions were prepared by increasing the HCl concentration in a 1% NaCl solution to 0.01%,
0.1%, and 1%. The polarization behavior was then measured in a test solution prepared for
every single specimen, and the corrosion rates obtained by Tafel analysis are displayed in
Figure 2. Figure 2 shows the effect of HCI concentration on the corrosion rate of sputtered
Al and bonding wires as a single specimen in de-aerated 1% NaCl + x% HCI solution at
25 °C. For the Al specimen for the first bond pad, with the increase in HCI concentration,
the corrosion rate of sputtered Al tended to decrease and then increase again, but the
corrosion rate was very low in the order of um/y, indicating that the effect of HCI was not
significant. According to a previous work by the research team that authored this work [27],
it was confirmed that this low corrosion rate can be attributed to the difference in the crystal
structure, in which part of the Al becomes amorphous. Meanwhile, the second bond pad
materials, Au, Cu wire, CulPd alloy wire, and Pd coated Cu wire, showed a tendency
whereby the corrosion rate increased depending on the HCl concentration, but this rate
still showed a very small value compared to that observed when using Al

40 0.4
mmmm Sputtered Al
—o— Au
Cu wire >
2 3. ——cutpdwie || o5 E
5 —e— PC wire ’ i
z s
9] kS
0] 0]
E 20 A 0.2 E
s 5
s s
’6 | | _
8 10 0.1 8
0 = v 0]

0 0.01 0.1 1
1% NaCl + x% HCI

Figure 2. Effect of HCI concentration on the corrosion rate of sputtered Al and bonding wires as a
single specimen in de-aerated 1% NaCl + x% HCI solution at 25 °C.

First, to investigate the galvanic corrosion behavior between the sputtered Al and
the bonding wire for the first bonding, the effects of Pd alloying and Pd coating on the
galvanic corrosion behavior of the Cu-based wire and the Al bond pad when connected in
a galvanic couple were examined. The test solution was a 1% NaCl solution with increased
HCI concentrations of 0.01%, 0.1%, and 1%. The galvanic corrosion current density and
galvanic corrosion potential were measured by connecting the sputtered Al to the working
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electrode and connecting each wire to the counter electrode. Figure 3 shows the effect of
HCI concentration on the electrochemical galvanic corrosion between the bonding wires
and the Al bond pad. Figure 3a,b show the galvanic corrosion potential and current
density between the Cu wire and the sputtered Al. Increasing the HCl concentration
in the 1% NaCl solution increased the galvanic corrosion potential, but did not appear
to have a marked effect on the galvanic corrosion current density. Figure 3c,d shows
the galvanic corrosion potential and current density between the CulPd wire and the
sputtered Al. The results of the galvanic corrosion behavior measured for 1800 s show
that the galvanic corrosion current density increased with increasing concentration of HCL
However, no clear concentration effect could be clearly observed, and it was also observed
that the galvanic corrosion potential had a slight concentration effect. Figure 3e,f show the
galvanic corrosion potential and current density between the PC wire and the sputtered Al
The change in galvanic corrosion potential with increasing HCI concentration was minor,
while the galvanic corrosion current density showed an increasing trend with increasing
HCI concentration.
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Figure 3. Effect of HCI concentration on the electrochemical galvanic corrosion between the bonding
wires and the Al bond pad: (a) Galvanic corrosion potential of Cu-Al [27] and (b) Galvanic current
density of Cu-Al. (c) CulPd-Al galvanic corrosion potential and (d) CulPd-Al Galvanic current
density. (e) PC-Al galvanic corrosion potential and (f) PC-Al galvanic current density.
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The galvanic corrosion rate was calculated based on the galvanic test results depicted
in Figure 3, and the resulting corrosion rates are shown in Figure 4. Figure 4 shows the effect
of HCl concentration on the galvanic corrosion rate of sputtered Al coupled with Cu wires
as measured through electrochemical galvanic corrosion testing. When Cu and CulPd
wires and sputtered Al were galvanically coupled, the effect of HCI concentration was
small. However, for the galvanic couple of PC wires with sputtered Al, the corrosion rate
tended to increase with increasing HCI concentration. This phenomenon is attributed to
the fact that the galvanic corrosion rate is further increased by the large potential difference,
because the Pd coated on Cu is more noble than Cu itself [1].
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Figure 4. Effect of HCI concentration on the galvanic corrosion rate of sputtered Al coupled with Cu

wires, as measured by the electrochemical galvanic corrosion test.

Figure 5 shows the surface appearance, documented by optical microscopy (OM), of Al
after the electrochemical galvanic corrosion test between sputtered Al and Cu, CulPd and
PC wire. It can be seen from the figure that the corrosion of Al accelerated with increasing
HCI concentrations. The results show similar trends not only for Cu wire, but also for Pd

alloying and coating.
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1% NaCl +0.1% HCl 1% NaCl + 1% HCl

Cu-Al
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Figure 5. Effect of HCI concentration on the surface appearance of Al coupled with Cu wires
(OM) [27].
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The morphology of the corroded Al surface, where corrosion was accelerated with
an increasing HCI concentration, was observed using SEM, and the surface components
were analyzed by EDS. Figure 6 shows the effects of the HCI concentration on the surface
appearance of Al coupled with Cu wires (SEM) and on the elemental distribution of
sputtered Al coupled with Cu wires after the electrochemical galvanic corrosion test. In the
case of the Cu wire, as the HCI concentration increased, the Al surface became more and
more covered with corrosion products and more cracks were formed. At 1% HCI, the Al
corrosion products in the crack area were locally delaminated and the substrate metal was
exposed. The results of the EDS surface analysis confirm the course of the corrosion process
according to the HCl concentration. Up to the concentration of 1% NaCl + 0.1% HCI, the
content of Al increased due to the formation of Al oxide, a corrosion product, on the surface
of Al. However, as the concentration of HCI increased, cracks and the delamination of Al
oxide occurred, which ultimately exposed the base metal, Si; as a result of this process, the
concentration of Si increased and the concentration of Al decreased. In the case of CulPd
wire, the surface image obtained by SEM and the average value from the surface analysis
show that, as the concentration of HCI increased, the corrosion products formed on the
surface increased, and the content of Al decreased due to the dissolution of Al, as a result
of which Si, a base metal, was exposed. For the PC wire and sputtered Al connected via
galvanic coupling, the corrosion morphology of Al as a function of HCI concentration was
analyzed by SEM-EDS, and the results show that the dissolution of Al accelerated with
increasing HCl concentrations. It can be seen that, at a concentration of 1% HCl, all the Al
was dissolved, and Si and Si oxide were formed on the surface.

To analyze the galvanic corrosion behavior detailed above, an electrochemical analysis
was conducted using mixed potential theory [1]. Figure 7 shows the analysis of galvanic
corrosion using the mixed potential theory between sputtered Al specimen and Cu wires.
From the polarization curves of two alloys intersecting in the galvanic couple, various
electrochemical parameters can be obtained, including the corrosion potential difference
(AE), the galvanic corrosion potential (Eg) and the corrosion current density according
to the mixing potential theory, the anodic reaction Tafel constant (34), and the cathodic
reaction Tafel constant (B¢).

The sputtered Al pad, which is connected to three types of Cu wires in the galvanic
couple, has a relatively active potential, so it can serve as an anode. As the cathodic
polarization curves of the three types of Cu wires meet in the trans-passive region of
the anodic polarization curve of sputtered Al, the corrosion of Al becomes accelerated.
Moreover, as the concentration of HCI increases, the galvanic current density at which each
polarization curve intersects tends to increase, indicating that as the corrosivity of the test
solution increases, the galvanic corrosion rate also increases. In the case of the CulPd wire,
we aimed to improve the corrosion resistance of Cu by alloying with Pd, a metal with good
corrosion resistance, but alloying in a small amount of 1% causes a cathodic polarization
behavior similar to that of pure Cu wire. The electrochemical galvanic corrosion behavior
of CulPd wire with an Al pad is also similar to that of Cu wire. On the other hand, in the
case of the Pd-coated PC wire, the corrosion potential increases slightly in the 1% NaCl
solution due to the noble Pd, and the cathodic polarization behavior is similar to that of
the Cu wire. However, as the corrosivity of the test solution increases, the coated Pd in the
thin film also dissolves, and galvanic corrosion with Cu increases, increasing the current
density due to cathodic polarization. For this reason, it can be seen that the corrosion rate
increases as a result of the galvanic corrosion of the PC wire and Al pad.
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Figure 7. Analysis of galvanic corrosion using mixed potential theory between sputtered Al specimen and
Cu wires; (a) 1% NaCl, (b) 1% NaCl + 0.001% HCI, (c) 1% NaCl + 0.01% HCI, (d) 1% NaCl + 0.1% HCL

The galvanic corrosion behavior was analyzed by various electrochemical parameters
obtained from the polarization behavior of each alloy, and the results are shown in Figure 8.
In particular, Figure 8a,b show the effects of Pd alloying and Pd coating on the galvanic
potential difference (AE) when the three types of wires and Al bond pads are galvanically
connected. In other words, when a Pd alloying or Pd coating was applied to the Cu wire
connected to Al in a galvanic couple, the galvanic potential difference increased regardless
of the HCI concentration. In general, in the same environment, the galvanic potential
difference is highly correlated with the galvanic corrosion rate, since the galvanic corrosion
rate increases as the galvanic potential difference increases (Figure 8a).

However, as shown in Figure 8b, the galvanic potential difference decreased with
increasing HCI concentration, which shows the difficulty associated with explaining the
effect of HCI concentration on the intermetallic galvanic potential difference in the same
material. To analyze this behavior, the anode and cathode Tafel constants were compared
as a function of HCI concentration. Figure 8c,d shows the anodic Tafel constant and
cathodic Tafel constant depending on the HCI concentration. For sputtered Al, the anodic
Tafel constant decreased with increasing HCI concentration when the bonding wires and
bonding pads were connected via galvanic coupling. The cathodic Tafel constant of the
wires was also generally reduced. According to the latest model reporting the effects of HCI
concentration on galvanically coupled Au and Cu wires and sputtered Al [27], for the same
material, changing the Tafel constant of each galvanic coupled affects the galvanic corrosion
rate when the corrosion environment changes. Therefore, in the case of the CulPd-Al
galvanic couple in this study, the anodic Tafel constant of Al and the cathodic Tafel constant
of the wire decreased with the increase in HCI concentration. Meanwhile, in the case of the
PC-Al galvanic couple, the anodic Tafel constant of Al decreased and the cathodic Tafel
constants of the wire decreased with increasing HCI concentrations. In other words, as
shown in Figure 4, the effects of HCI concentration on the galvanic corrosion of Al pads and
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three types of wires can be interpreted based on a combined consideration of the anodic
and cathodic Tafel constants.
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Figure 8. Analysis of galvanic corrosion behavior: (a) Effect of Pd and (b) effect of HCI concentra-
tion on galvanic potential difference, (c) anodic Tafel constant and (d) cathodic Tafel constant on

HCI concentration.

3.2. Galvanic Corrosion Behavior of the Wire Bonding Module by THT

Meanwhile, to observe the galvanic corrosion behavior at the interface of the wire
bonded to the PCB bonding pad, THT was conducted for 100 h at 85 °C and 85% using a
wire bonding module. The test solutions were 1% NaCl and 1% NaCl + 0.1% HCI, and the
surface morphology and elemental distribution of the first ball bonding part and second
stitch bonding part were analyzed after the test. Figure 9 shows the surface appearance
of the wire bonding module before and after THT at 85 °C and 85% relative humidity for
100 h. Before testing, there were no signs of corrosion, and it could be seen that both the
first ball bonding, which is made of a square die-shaped pure Al pad, and the second stitch
bonding area, which is bonded to the pure Au substrate by pressing, maintained their
integrity (Figure 9a). Meanwhile, after THT, it can be seen that the wire, bond pad, and
bonding area were severely corroded, regardless of the wire type (Figure 9b—d). In the first
ball bonding area, corrosion progress could be seen in the Al bonding pad area, while in
the second stitch bonding area with the Au substrate, where most of the Au maintained
its integrity, it could be seen that the bonding area and wire were corroded. In particular,
as shown in Figure 9d, it can be seen that the PC wire module is covered with corrosion
products over a wide area.
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Figure 9. Surface appearance of a wire bonding module after THT at 85 °C and 85% relative humidity
for 100 h: (a) before test, (b) Cu wire module, (¢) CulPd wire module, (d) PC wire module.

For each module, the surface morphology and elemental distribution of the first ball
bonding area and the second stitch bonding area were confirmed by SEM-EDS. Figure 10
shows the SEM images and elemental distribution of the first bond area with wires and the
Al pad on the module after temperature-humidity tests at 85 °C, 85 % RH in 1% NaCl. In
the first ball bond area between Cu wire and Al pad, when a THT was conducted in a 1%
NaCl solution for 100 h, it could be seen that the Al pad near the ball was corroded and
corrosion products were formed, and it could also be observed that the bonded Cu ball also
formed corrosion products. A similar tendency was observed in the first ball bond area of
the CulPd wire and the PC wire module. Most corrosion products were formed on the Al
pad, and as the amount of corrosion products increased, they were increasingly located in
the ball area. These corrosion products were mainly composed of Al oxide, and Al, which
has a relatively active potential, is preferentially corroded by the galvanic effect, which is
consistent with the electrochemical galvanic corrosion behavior observed herein. Cu wires
were also found to be partially corroded due to their low resistance in highly corrosive
environments, leading to the formation of Cu oxide corrosion products on the surface.

Figure 11 shows the SEM images and elemental distribution of the first bond area with
wires and the Al pad on the module after THT at 85 °C, 85% RH in 1% NaCl + 0.1% HClL.
When the Cu wire, CulPd wire, and PC wire were exposed to the test solution for 100 h at
the first ball bond between the Cu wire, CulPd wire, PC wire, and Al pad, the Al pad near
the ball was corroded and the Al oxide was corroded. The resulting corrosion products
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became attached to the bonded wire balls. It was also confirmed that, as the severity of
the corrosive environment increased, Cu, the main component of the wire, dissolved and
formed corrosion products in the form of Cu oxide.

In the case of the PC wire, the Pd coated on the surface can be clearly detected in
the component distribution after THT in a 1% NaCl environment (Figure 10, third row).
However, in the component distribution results after THT in a 1% NaCl + 0.1% HCl
environment (Figure 11, third row), the very thin Pd coating layer is not clearly revealed,
and it is more difficult to detect because it is also corroded due to the strong corrosive
environment. Ultimately, the results indicate that Cu oxide forms together with Al oxide
on the Al pad, ball bond area, and wire surface.

It can be seen that the galvanic corrosion behavior in these packing modules is con-
sistent with the electrochemical galvanic corrosion results. In the wire bonding module,
when the Al pad and the first ball bonded wire are exposed to the corrosive environment,
galvanic corrosion occurs, which accelerates the corrosion of the relatively active Al pad.
However, when a highly corrosive environment is formed, the wire also corrodes, as shown
in Figures 3 and 7.

When the Au pad and wire are exposed to a corrosive environment, the corrosion
of Au, which is a more noble metal than the wire, is suppressed, and the wire material
acts as an anode, thus causing galvanic corrosion that accelerates the corrosion in general.
Figure 12 shows the SEM images and elemental distribution of the second stitch bond area
with wires and the Al pad on the module before the test. The wires pressed into the Au
pad do not have any oxides formed on them, and there are no signs of corrosion. In the
case of the CulPd wire, 1% of the Pd was alloyed, so the Pd component was not clearly
visible, while in the case of the PC wire, only Cu was present in the compressed area, and
the Pd component was detected due to the Pd coating on the surface of the wire.

Figure 13 shows the SEM images and elemental distribution of the second stitch bond
area with wires and the Au pad on the module after the temperature-humidity test at 85 °C,
85% RH in 1% NaCl. The surface morphology of the second bond area of the Cu wire and
Au pad shows that the corrosion of the Cu wire progresses with the formation of corrosion
products covering the surface of the Au pad. In the case of the CulPd wire, no corrosion
products were formed under the influence of 1% NaCl solution for 100 h, unlike in the case
of the Cu wire. However, it was confirmed that Cu oxide was partially distributed on the
surface of the Au pad due to the dissolution of the Cu wire. On the other hand, in the case
of the PC wire, it was observed that more corrosion products were formed and covered on
the Au pad than in the case of the Cu wire. When the environment became more corrosive
after adding HCI, the corrosion of the second stitch bond area was also accelerated.

Figure 14 shows the SEM images and the elemental distribution of the second stitch
bond area with wires and the Au pad on the module after the temperature-humidity test at
85°C, 85% RH in 1% NaCl + 0.1% HCI. In the case of the Cu wire, the formation of corrosion
products could be observed, which spread to the surface of the Au pad, thereby covering
the Au surface. More corrosion products were formed than in the 1% NaCl environment,
and the results also showed a trend whereby, as the intensity of the corrosion environment
increased, the amount of corrosion products also increased. The CulPd wire also showed
a similar trend to the Cu wire. However, the PC wire showed the most severe corrosion
behavior, as occurred in the 1% NaCl environment. This result is attributed to the fact that
the Pd covering the surface is a nobler metal than Cu, so the exposed area of Cu acting as an
anode via stitch bonding is small, and the area of Au and Pd acting as cathodes increases,
ultimately resulting in a larger galvanic effect.
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As detailed above, the galvanic corrosion behavior occurring in the second stitch
bonding of the packaging module was analyzed using mixed potential theory. Figure 15
shows the analysis of galvanic corrosion behavior using mixed potential theory between
the Au specimen and Cu wires. Figure 15a shows a graph comparing the polarization
behavior of Au and Cu wires in a 1% NaCl solution. The corrosion potential of Au is higher
than that of other examined wires other than PC wire, which means that, when Au- and
Cu-based wires are connected into a galvanic couple, the wire works as an anode, and
galvanic corrosion occurs. On the other hand, in the case of Pd-coated PC wire, the wire
material exposed to the initial corrosive environment becomes Pd, a noble material, and
thus exhibits a corrosion potential similar to Au. However, there is a difference of about
two orders of magnitude in the current density, so it can be said that the Cu substrate also
affects the corrosion rate. Therefore, for the second stitch bonding area where the PC wires
are bonded, the Cu is exposed at the part pressed by bonding, and then the accelerated
galvanic corrosion is caused by the Au bond pad and Pd coating layer. As the intensity of
the corrosive environment increases, it becomes easier for Cu to be exposed, as it is less
protected by the thin Pd layer. As can be seen in Figure 15b, galvanic corrosion is accelerated
when the anodic polarization behaviors of all wires interact with the cathodic polarization
behavior of Au. Figure 16 show the effect of HCl concentration on the galvanic corrosion
rate of Au coupled with Cu wires according to the mixed potential theory. According to the
mixed potential theory, when Cu, CulPd, and PC wire are coupled with Au in a galvanic
couple, it is observed that the galvanic corrosion rate increases with an increase in HCl
concentration. It is confirmed that the galvanic corrosion rate by the mixed potential theory
is closely consistent with the electrochemical galvanic corrosion behavior.

1 1
—Au —Au
—— Cu wire —— Cu wire
0.5 4 —— Cu1Pd wire 0.5 { | = Cu1Pd wire
——PC wire ——PC wire
m )
] [§]
2 o0 2 o
> >
ui wi
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Figure 15. Analysis of galvanic corrosion using mixed potential theory between Au specimen and
Cu wires; (a) 1% NaCl, (b) 1% NaCl + 0.1% HCL.
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Figure 16. Effect of HCI concentration on the galvanic corrosion rate of Au coupled with Cu wires
according to the mixed potential theory.
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In semiconductor devices, galvanic corrosion between the bonding wires and bonding
pads can significantly impact device reliability and performance over time. Initially, this
may not have a significant effect on the device’s performance, but exposure to electrolytes
can trigger electrochemical reactions between the bonding wire and the pad. The resulting
corrosion products increase the contact resistance, impeding the current flow and leading
to power losses. As galvanic corrosion progresses, the physical bond may weaken, which
can lead to micro-contact separation and circuit shorts or breaks. This degradation escalates
device malfunction and failure rates, ultimately reducing device reliability.

If galvanic corrosion intensifies, it can sever electrical connections, leading to total
device failure, with severe consequences such as data loss or system breakdowns. Galvanic
corrosion can occur rapidly or develop slowly over an extended period. Therefore, factors
such as environmental control, material selection, and surface treatments that prevent
corrosion are critical considerations in the semiconductor manufacturing process.

The results and discussion presented above make it possible to propose the following
galvanic corrosion mechanism between the bond pads and the wires (Figure 17): In the
first ball bond area, corrosion occurs on the Al pad, which has a relatively active potential
compared to the wires due to the galvanic effect, and Al oxide covers the pad and wire
surroundings. However, the severe corrosive environment also causes the local corrosion
of Cu, CulPd, and PC wires. Meanwhile, in the second stitch bond area, galvanic corrosion
occurs due to the relatively active potential of the wires compared to the Au pad, which
preferentially corrodes the wire. The Cu and CulPd wire dissolve and form an oxide
covering the Au pad. Meanwhile, in the case of Pd-coated PC wire, Cu is only exposed to
the pressed part, and the area of Cu acting as an anode becomes small due to the presence of
the noble metal Pd on the wire surface. In this case, galvanic corrosion is further accelerated
by the area effect of the small anode combined with the large cathode effect.

Wires i
1st Ball Bond 1%t Ball Bond
Cu oxide
Al oxide
2 o .=
Si S
FR4 PCB EEeE

Before After

2 Stitch Bond

2nd Stitch Bond 2nd Stitch Bond
PC wire
(coated Pd)

Cu1Pd

Cu

Cu oxide { Cu oxide

Au Au Au
Ni Ni Ni
FR4 PCB FR4 PCB FR4 PCB

Before

After

Figure 17. Proposed model for galvanic corrosion behavior between the bond pad and the wires on
the 1st ball bond area and the 2nd stitch bond area.

4. Conclusions

In this study, to evaluate the influence of chloride, which is a contaminant formed
during the PCB manufacturing process, the galvanic corrosion of bonding wire materials
Cu wire, Cu wire alloyed with 1% Pd, and Pd-coated Cu wire was evaluated. The first
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ball bond was bonded to the Al pad and the second stitch bond was bonded to the Au
pad in the preparation process, and the galvanic corrosion behavior of the semiconductor
packaging module specimen was analyzed, resulting in the following conclusions;

1. In the first ball bonding area between the Al pad and the wires, the Al pad, which
is a relatively active metal compared to the wires, undergoes preferential corrosion. For
the same materials, galvanic corrosion between the Al pad and the three types of wires
in terms of HCI concentration shows a high correlation with the anodic and cathodic
Tafel constants;

2. In the second stitch bonding area between the Au pad and the wires, for the Cu
and CulPd wires, corrosion occurs in the wire because the Au pad has a relatively noble
potential, while the formed Cu oxide is overlaid on the surface of the Au pad. On the other
hand, in the Pd-coated PC wire, Cu is only exposed in the pressed area between the wire
and the Au pad, and the galvanic corrosion is accelerated due to the small anode-large
cathode effect because of the noble potential of the coated Pd and Au pad.
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Abstract: Closely packed nanoparticles in polymer films are interesting materials where collective as
interactive optical properties could be tuned based on nanoparticle proximity, surface morphology,
types of encapsulation and matrix parameters. Two types of polymers (polymethylmethacrylate
(PMMA) and polyvinyl alcohol (PVA))-based nanocomposite films featuring dual-colored emission
peaks (~578 nm and ~650 nm) were fabricated from CdSe quantum dots to study their viability in
optoelectronic applications. Using a 405 nm excitation laser, the evolution of photoluminescence
(PL) intensities and peak wavelengths were examined as a function of increasing excitation intensity.
While PL intensities showed systematic saturation and quenching, the emission wavelengths were
found to be linearly red shifting with increasing excitation intensities in the PMMA films. The 650 nm
emitting QDs seem to tune the PL saturation behavior in these films, as opposed to the PVA-based
materials, where no such impact was seen. The material system could be a low-cost, low-maintenance
alternative for future mesoscale sensing and light-emitting device applications.

Keywords: quantum dots; polymethyl methacrylate; polyvinyl alcohol; photoluminescence; polymer
nanocomposites; CdSe

1. Introduction

Nanoscience in physics and materials science primarily delves into understanding
optoelectronics at nm-sized dimensions, while in chemistry, these applications are associ-
ated with several different systems, including but not limited to colloids, micelles, polymer
composites, and other similar structures [1-9]. This overlapping of disciplines enables
the engineering of novel materials with size-dependent optical properties, opening new
avenues such as cybernetics, non-invasive clinical procedures, lab on a chip, and many
environmental applications [9-19]. Semiconductor nanomaterials have attracted a lot of
attention due to their widespread applicability in optoelectronics. Substantial efforts have
been invested in the synthesis and characterization of semiconductor-based nanomaterials
from groups II-VI, III-V, llI-VI, and oxide-semiconductor materials until now [1]. Among
these, a special class of materials are wide band gap II-VI semiconductors, since their bulk
properties are within the visible spectrum and their applications have a wide range [1-3].

Quantum dots (QDs) are sometimes utilized in diverse and flexible applications
across various environments, landscapes, and geometries [9,10]. Sometimes, using QDs
directly in the application site can result in aggregation, potentially resulting in photodegra-
dation [5,11]. One viable solution is the use of composite nanomaterials. Composite
nanomaterials, which consist of more than one component, are employed in situations
requiring flexibility and several of the properties coming from the components that are
present. In many instances, QDs are dispersed within polymer matrices, forming a polymer
nanocomposite (PN) [5,13]. In PN systems, the nanoparticles exhibit strong repulsion,
thereby reducing the likelihood of aggregation [13]. PNs are particularly advantageous for
designing novel materials due to their lightweight nature and ease of processing. Recent
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theoretical calculations provide accurate predictions of the optical properties of PNs, of-
fering a strong platform where predictive models enhance the optical properties of both
the polymer and the QDs. The models include details of the chemical properties of the
polymer matrices and the confinement-related properties of the nanoparticles [8-11].

Photoluminescence (PL) stands out as one of the most powerful fundamental proper-
ties of PN systems. Upon absorbing a suitable photon, an electron transitions into a higher
energy state, before re-emitting another photon to relax back into the ground state [4]. The
emitted photons typically possess lower energies or longer wavelengths because of Stoke’s
shift [4]. Although the basic mechanism remains the same, the specifics of the electronic
transitions, metastable states, and relaxation processes are influenced by various factors,
such as scattering, defect, or impurity states. The mechanism of detailed balance is also
responsible in certain cases [2]. Therefore, characterizing photoluminescence (PL) from
PNs becomes crucial, especially when they are in different chemical environments and/or
subjected to varying interfacial interactions.

A wide range of applications, including but not limited to light-emitting devices,
solar cells, sensors, nano-catalysts, greener memories, and engineering of tissues, has
been achieved through II-VI PN materials [1,5-7,10,14]. CdSe PNs hold a special place
among them and have been attractive for their suitability in synthesis recipes as a stable
nanomaterial [14]. CdSe QDs typically consist of a CdSe core and a ligand shell. Ligands
play crucial roles in maintaining the stability and solubility of the nanoparticles. Also,
during the synthesis process, ligands play a stabilizing role by preventing the aggregation
and precipitation of the nanocrystals, thus ensuring controlled growth. For all practical
purposes, it is important to probe the effects of closely packed CdSe nanoparticles on their
optical properties.

This work focuses on the synthesis of polymer materials doped with CdSe QDs ex-
hibiting two distinct PL emission wavelengths. PL intensities from the two characteristic
wavelengths, originating from QDs of different sizes within the system, were adjustable
by varying the ratio of doped silica to polymethyl methacrylate (PMMA) microparticles.
The objective of this study was to probe the effects of varying orange to red-emission peak
intensity ratios on the PL emission intensities as the excitation intensity increases. The
measurements captured the PL intensity growth when the laser excitation intensity was
modified, by measuring the PL emitted from the two-colored QD systems. Examination
of the data unveiled distinct trends in the growth of PL intensity concerning laser excita-
tion when compared to similar CdSe PNs made with polyvinyl alcohol (PVA) matrix, as
discussed herein [12]. The importance of this work could be noted: (a) in the uniqueness
of the nanocomposite systems created and studied, (b) in the way their steady-state PL
responds to the excitation intensity change, and (c) due to the link between the PL growth
response to the relative amount of “red” dots present. Essentially, this report emphasizes
the synthesis of a nanocomposite system that is easy to integrate and has unique optical
limiting properties.

2. Materials and Methods

QD films with two nanoparticle sizes were generated by initially suspending the
desired quantity of silica microparticles doped with “orange” QDs, which emit at around
578 nm, in 2.3 g of a 5% polymethyl methacrylate (PMMA) solution. To create a 50%
silica film, 0.1 g of microparticles was incorporated, and for a 25% silica film, 0.04 g of
microparticles was added, and so forth. A detailed description documented in an earlier
report focused on PVA-based material, and hence only a brief overview will be included
here [10,12]. First, the doping of silica microparticles with QDs was performed. This was
achieved by creating a suspension of 0.1 g of commercially available silica microparticles
(Sigma Aldrich, St. Louis, MO, USA) in 3 mL of stock solution of ammonia after mixing it
with 4 mL of ethanol and 2 mL of distilled water. The mixture was stored in a 20 mL vial.
Then, 10 mg of “orange” emitting quantum dots (QDs) were added to this solution before
treating it with a surface ligand (3-Mercaptopropyl) trimethoxysilane (purchased from
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Mesolight, Inc., Suzhou, China), with 0.4 g of tetraethyl orthosilicate (TEOS). At this point,
the vial was sealed, before stirring the mixture for an hour at temperature. The reaction
mixture was allowed to settle next. Once settled, the coloration of the supernatant was
checked. In case there is a coloration, an extra amount (0.1 g) of TEOS is added, before
repeating the stirring step for one more hour. The supernatant was made transparent
by repeating the above two steps a few times. Next, 0.1 g of aminopropyltriethoxysilane
(APTES) and 0.1 g of distilled water were added, and the reaction vessel was stirred for
2 h. The reaction product was centrifuged to gather the particles, before washing with
isopropanol, and finally drying them under vacuum. After making a solution comprising
microparticles and the polymer, careful mixing was carried out to achieve even dispersion.
At this point, “red” QDs with PL at approximately 650 nm were added to the solution in
instalments of 10 uL and constantly mixed. After adding each instalment of “red” QDs,
a droplet of the resulting product was checked under a microscope while being vacuum-
dried. Throughout this text, the terms “orange” and “red” PL will occasionally be denoted
as “peak 1” and “peak 2”, respectively. It is noteworthy that the difference in the fabrication
process from one sample to another is only the relative amount (in volume) of the “red”
(650 nm) vs. “orange” (578 nm) emitting QDs. Essentially, when “red” emitting QDs were
added by volume in instalments of 10 pL, after each instalment the relative PL intensities
were checked. This process was stopped once the desired PL peak ratio was achieved.

Once the desired PL peak ratios were achieved, the solutions were drop-cast on 50.8
mm X 50.8 mm X 6.35 mm glass substrates (Chemglass Life Sciences LLC., Vineland, NJ,
USA). The glass substrates were chosen based on their high transmittance in the wavelength
range 300-2000 nm. During the drop cast process, ~5 pL of the solution was pipetted on the
glass substrate and the solution was spread using a spatula to have a uniform film. Once the
films were dried, the drop cast samples were inspected using regular microscope (AmScope
LLC,, Irvine, CA, USA). Using surface profilometry (Dektak 3ST from Bruker Corporation,
Billerica, MA, USA) the thicknesses of the films were found to be ~90 um with 5% or
less variance. The PL peak position and intensity did not show any dependence on the
thickness of the layer. Figure 1a illustrates a schematic cross-section of the sample, showing
that the “orange” QDs are connected to silica, while the “red” QDs are evenly spread
in the polymer matrix. The ratio was varied to probe the effect of the weak and strong
presence on the interaction between the two QDs. The experimental setup is presented
in Figure 1b. A closeup of the deposited PMMAL1 film is shown in Figure 1c, showing
reasonable smoothness on the surface. A scanning electron microscope (SEM) from Zeiss
(White Plains, NY, USA) was used to comment on the texture and surface of the film,
as could be seen in Figure 1d. The SEM confirmed the presence and uniformity of the
deposited film. While no characterization of surface contamination could be made, it is safe
to assume that the level of contamination has not impacted the overall PL signal, which is
the focus of this study.

The comparative intensities from both PL peaks were investigated by exciting samples
to a 405 nm diode laser with tunable power control. Table 1 outlines the 6 samples examined
in this study, where PMMALI refers to an “orange”:”red” intensity ratio of 10:1, PMMA2
refers to 8:1, and so on, as detailed in Table 1. The two PVA-based samples studied were
PVA1 and PVA2, with the “orange”: “red” peak intensity ratios 4:1 and 2:1, respectively.
The ratios were chosen (1) to probe the effects of the “orange”:“red” PL peak intensity
ratio on the growth of PMMA-based samples, and (2) to compare PMMA and PVA-based
samples with similar peak intensity ratios. PMMAS3 and PVA1 share the same intensity
ratio, and thus they are comparable for a preliminary investigation of the role of polymer in
the PL properties. Similarly, PMMA4 and PVA?2 are similar and hence have been compared
in the discussion.
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Figure 1. A schematic diagram of the cross-section of two-phase two-QD samples showing orange
QDs bound in the shells of silica microparticles and “red” QDs dispersed in the surrounding polymer
(PMMA) matrix (a). The “red” dots are representative of the 650 nm emitting QDs, whereas the
“orange” dots are 578 nm emitting QDs encapsulated inside the silica microparticles (black concentric
circles). The films were drop-cast on glass substrates. The experimental setup showing PL measure-
ment scheme (b). A photograph of PMMAL1 film deposited on glass, with an aluminum foil placed
next to it for contrast (c), and an SEM image (d) of PMMAT1 film.

Table 1. List of CdSe PNs synthesized and investigated.

Samples Peak 1 and 2 Intensity Ratios at 405 nm, 0.014 W/cm? Intensity
PMMA1 10:1
PMMA2 8:1
PMMA3 4:1
PMMA4 2:1
PVA1 4:1
PVA2 2:1

The PL was measured using a custom-built setup employing backscattering geometry,
featuring a fiber-coupled spectrometer (Silver Nova from StellerNet Inc., Tampa, FL, USA).
A schematic diagram is presented in Figure 1b. A 405 nm cw laser was used as the excitation
source. The excitation laser intensities could be tuned through a calibrated average power
vs. diode current curve, spanning from 0 to 315 mW with 3% or less fluctuations, monitored
by a power meter from Laserglow Technologies (North York, ON, Canada). The laser
powers were subsequently converted to intensities using the following formula:

intensity (W/ cm?) = output power (W)/area of laser beam (cm?) 1)

7

where, “output power” is defined as the measured power at the sample plane, while “Area”
denotes the region covered by the laser beam at that plane. Unless specified otherwise,
the exposure time was set at 5 s, and the beam area was estimated to be 0.1257 cm? for
all reported measurements. PL was collected using a fiber-coupled assembly fitted with
a 405 nm notch filter to separate the excitation signal from the PL. All experiments were
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carried out at room temperature. Consequently, photoluminescence (PL) measurements
were performed, varying the 405 nm laser intensity within the range of 0-2.5 W/cm?.

All four samples were found to have stable and consistent PL at the respective peak
wavelengths. A series of 10 measurements were made stretched over an interval of 1 minute
confirming the stability and consistency of the samples, as presented in Figure 2a,b. It
is clear from Figure 2a that the two peaks are reproducible and there is no significant
variability in intensities for the 1-minute interval of time, which is much greater than the
5 s interval for which the samples were excited in the PL measurements in this work. In
Figure 2b, the intensity and wavelength consistency are plotted vs. the number of “shots”.
Each of the 10 measurements is referred to as “shots” in that plot. Albeit insignificant, the
wavelength from peak 2 showed more variability (5% or less) relative to peak 1 (4% or
less). All the PMMA-based samples reported here demonstrated similar consistencies. The
PVA-based samples were also identical, as reported previously [12]. The measurements
reported here have been repeated on multiple occasions on different days to ensure that
the measurements are consistent, the changes in PL properties are reversible, and to rule
out any degradation impacting the optical properties.
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Figure 2. PL repeatability test for intensity and wavelength. (a) A total of 10 measurements (termed
as “shots”) collected and overlaid for PMMA1, where different lines present the degree of fluctuations
between shots within a period of 1 minute, which is 4% or less. (b) PL wavelength and intensity
consistency for the two peaks for PMMAL for the 10 shots.

3. Results

Once the initial characterization was complete, a systematic study of the PL growth
was undertaken. Figure 3 presents the PL measurements from the four samples and
the analysis. Figure 3a presents the four PMMA-based samples at a laser intensity of
0.2275 W/cm? excitation. The intensity ratios listed in Table 1 are for this excitation level.
The ratios are dependent on not only individual peaks, but also their relative strengths,
which is noteworthy, and not obvious from Figure 3a. The intensity growth in the PMMA-
based samples seems to be sensitive to the presence of “red” quantum dots, emitting at
650 nm (also referred to as peak 2 in this work). Figure 3b—d present the growth of the two
emission peaks as a function of laser excitation intensities. A comparison between the two
peaks for PMMAL is presented in Figure 3b as an example. While both peaks show similar
trends in initial linear increase and eventual saturation, there are differences in thresholds
of saturation, and the rapidity of intensity growth in them. This trend is seen in all PMMA
samples, where the peaks grew almost linearly, after which a saturation of PL sets in.
However, PMMAT1 showed a larger saturation threshold for both peak 1 (~1.5 W/ cmz) and
peak 2 (~2 W/cm?), compared to other PMMA-based samples, where the saturation starts
at ~1 W/cm?. The intensities at which PMMA1 peaks saturated are also significantly higher
than the other samples. For example, saturation level PL intensity in PMMALI for peak 1 is
~4 times that of PMMA2 and PMMAS3. Compared to PMMA4, PMMAL1 is more than an
order of magnitude higher in the saturating PL intensity for both peaks.
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Figure 3. Fluorescence from the four samples as the excitation laser intensity varied from
0-2.5 W/cm?. (a) The four PMMA-based samples studied, (b) evolution of PL peak 1 and 2 in
PMMAL1 with laser intensity, (c) PL peak 1 PL intensity growth in PMMA-based samples, (d) PL peak
2 PL intensity growth in PMMA-based samples.

Another important distinction is the presence of PL quenching in all PMMA-based
samples except PMMA1. Figure 3c,d show clearly the reduction in peak intensities in
PMMA2, PMMAS3, and PMMAA4, shortly after the saturation takes place. There is no
quenching present in PMMAI1. These features are unique, since in a previous report on
PVA-based PN samples, there was no saturation reported for the 578 nm peak (or peak 1),
while the 650 nm peak showed slight saturation at ~2.5 W/cm?. This difference between
PMMA-based and PVA-based PN can be seen readily in Figure 4, where the evolution
of the two peaks was compared in two similar sets of samples. In Figure 4a, the 578 nm
peak intensities are compared for two PMMA-based samples with two PVA-based samples.
The peak intensity ratio in PMMAS3 and PVAL is 4:1, while the same for PMMA4 and
PVA2 is 2:1. A similar comparison is presented for the 650 nm peak in Figure 4b. The
difference in PMMA-based and PVA-based samples could be readily seen. Both PVA-based
samples continued to grow linearly as a function of excitation intensity, and there is no
trace of saturation for peak 1. The 650 nm peak (or peak 2) did saturate in PVA-based
samples. However, the threshold of saturation is significantly lower in PMMA samples
(~1 W/cm?) compared to the PVA samples (~2.5 W/cm?). Note that the general trend for
PVA-based samples presented here is consistent with previous studies, irrespective of the
peak intensity ratios [12].

Another aspect of the multiphase PL emissions is the peak shift as a function of laser
excitation intensity. In a recent report, the PVA-based PNs have been found to emit at
longer wavelengths at higher excitation intensities [12]. Figure 5 illustrates this through a
comparison between PMMA and PVA-based samples, capturing the redshift for both peaks.
Each symbol in Figure 5 presents an average of the peak positions found from all four
samples, with the error bars showing standard deviation from them. There is hardly much
difference in the redshifts of the two types of samples, except for slightly steeper shifts
in PMMA-based samples, and an overall larger uncertainty, expressed as one standard
deviation in the error bars.
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PVA-based (solid symbols) samples. (a) Comparison for the 578 nm peak and (b) the same for the
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Figure 5. The shift in emission wavelength for the two peaks with increasing excitation intensity
for PMMA (open symbols) and PVA (solid symbols)—based samples with similar peak intensity
ratios where the error bars showing the standard deviation. The lines present linear fits to the peak
positions for PMMA (dashed line) and PVA (solid line)—based materials.

A redshift in PL corresponds to a shrinkage of the band gap, which is different from
single-phase QD films caused by dynamic band filling to increase the gap, resulting in a
blueshift in PL peaks in those materials [11]. The linear redshift (goodness of fit > 96%) seen
here is also different from previously reported nonlinear blueshift in PL peak wavelength,
and has been modelled successfully using photo-dynamic Burstein-Moss theory [11].

4. Discussion

There are several major observations found in this study, such as: (1) a tunability
in saturation intensities of both PL peaks, controlled by the relative peak intensity ratios,
(2) dependence of PL-saturation on the amount of 650 nm QDs, (3) saturation and quenching
in PMMA-based PNs, which was absent in PVA-based PNs, and (4) a redshift in both PL
peaks as excitation intensity increased, a similar trait found in both types of PNs.

The tunability of saturation intensities, as shown in Figure 3c,d, is direct evidence that
the 650 nm emitting QDs could control saturating PL intensities as well as corresponding
excitation strengths needed. However, for “orange”:“red” ratios < 8:1, the samples also
showed PL quenching when the excitation intensity grew higher. Saturation in QD systems
has been reported previously and was attributed to the formation of a maximum number
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of electron-hole (e-h) pairs possible to be created [2,7,12]. However, quenching was not
seen in the previous studies. One of the most common contributors to any quenching
mechanism in colloidal nanoparticle systems is Auger recombination, where a non-radiative
energy dissipation contributes to the consumption of energy of the e-h pairs in radiative
systems [19]. Hence, it is very likely that the different quenching in PL shown by the
PMMA samples is a result of Auger recombination, which should be an efficient process
in multi-carrier systems such as the ones being studied here. Auger recombination is a
complex process, with multiple pathways possible for the systems to take depending on
the core—shell geometries, the inter-particle distances, the dimensions of the dots and the
surface states available in the systems [19].

It is very likely that a charge transfer mechanism is also contributing to the optical
limiting behavior in the samples. This would explain the role of relative peak intensities
on the overall saturation behavior. Clearly, when more 650 nm dots are available to
participate in interdot optical exchange processes, more impact would be seen on the PL
properties. Polymer-based multiple-sized CdSe QD systems were previously reported
to have charge transfer processes present, resulting in quenching [20]. However, there
was no prior evidence for quenching controlled by the choice of polymers. As shown in
Figure 4, both QDs behaved differently when they were embedded in PMMA vs. PVA. The
difference is most likely an attribute of nucleation in PVA resulting from water porosity
which translates into changes in surface morphology and stiffness. It has been shown that
PVA-based carbon dot PN system has differences in PL behavior because of the inherent
properties of the polymer, that could be used to overcome the PL saturation in them [21].
This could explain the continuous growth in PVA-based PN, vs. saturation and quenching
in PMMA materials, which are not as porous, as seen in Figure 4. The morphology and
surface roughness in PN systems significantly contribute to the optical properties. It is
entirely possible that the surface morphologies of the two different polymers are partially
responsible for the difference in optical losses, as was reported previously [22].

Both peaks almost linearly redshifted as the laser excitation intensity increased. How-
ever, PMMA-based samples showed larger sensitivity by shifting ~7 nm, compared to
a marginal ~3 nm shift in PVA-based PNs at the highest laser excitation intensity of
2.5 W/cm?. This is clearly a local stress-dependent property that is common in high-
pressure PL properties [5]. Usually, compression allows the band gap to shrink in materials,
making them emit at longer wavelengths, as seen to be happening in Figure 5. The red-
shift could be quantified as a local stress metric, and hence the PNs could be utilized in
pressure-sensing devices, as ultra-sensitive shock wave detectors.

The saturation and quenching behavior demonstrated by PN systems in this work
could be classified as optical limiting, where the transmission of the material changes at
higher laser intensity. This property could be employed in an all-optical switch. Unlike
the PVA-based materials, where the PL peak intensities grow indefinitely and linearly, the
saturation and subsequent quenching in PMMA-based materials make them extremely
versatile with more than one, optically controllable PL peak intensity level.

5. Conclusions

The main purpose of this study is to highlight applications related to optical limiting
properties in a PN system comprising CdSe and PMMA and to highlight the differences they
have when compared to PVA-based similar systems. The PN system is easy to integrate,
and partly linear and partly nonlinear behavior in its PL response when optical excitation
is systematically increased.

All PMMA-based samples showed saturation. However, the saturation thresholds are
different. PMMAL saturated at ~1.5 W/cm? of laser intensity, while PMMA2 and PMMA3
saturated at ~1 W/cm?. The two peaks, i.e., “orange” and “red” emission peaks evolved
similarly with increasing laser excitation intensities. Interestingly, the PMMA-based sam-
ples showed photoinduced quenching as the excitation laser intensity reached 1.5 W/cm?
and above, which was not present in the PVA-based samples of similar “orange”:“red” PL
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peak intensity ratios. At ~2 W/cm?, the PMMA-based samples showed a second satura-
tion of PL peak intensity, this time at a lower value. All photoinduced effects reported
here are reversible, and the processes are nondestructive. PMMA-based samples showed
better sensitivity to local stress compared to PVA-based samples by more than twice as
much redshift.

A complete understanding of the mechanism in the evolution of PL in the four samples
presented here seems complex and could be dependent on several factors. However, certain
general observations could be made. The PMMA-based nanocomposites synthesized and
characterized through PL here were found to be stable, consistent photoemitters with their
peak 1 vs. peak 2 ratios staying the same for a large range of excitation intensities from a
405 nm laser. In contrast to previously reported PVA-based materials, the PMMA-based
samples showed distinguishing saturation and quenching. The PNs showed consistent
stress-dependent PL peaks, which are valuable as multiphase pressure-sensitive devices.
The QD samples appear resilient to photo-induced permanent degradation which has been
a critical issue in inorganic QD-based solar cells and light-emitting devices in the recent
past [15-18]. Auger recombination and charge transfer could be the two major contributing
factors in the observed PL saturation and quenching trends. The measurements reported
here are exciting for future light-emitting device applications. The samples studied here
use a simple recipe, making them a high-throughput synthesis process. Their PL intensity
is substantial even in a thick film formation. They are easy to combine into different
morphologies and shapes due to the inherent flexibility coming from the polymers.
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Abstract: This work presents a study on the optical and mechanical degradation of parabolic trough
collector absorber coatings produced through the spray coating application technique of in-house
developed paint. The main aim of this investigation is to prepare, cure, load, and analyze the
absorber coating on the substrate under conditions that mimic the on-field thermal properties.
This research incorporates predicted isothermal and cyclic loads for parabolic trough systems as
stresses. Biweekly inspections of loaded, identical samples monitored the degradation process. We
further used the cascade of data from optical, oxide-thickening, crack length, and pull-off force
measurements in mathematical modelling to predict the service life of the parabolic trough collector.
The results collected and used in modelling suggested that cyclic load in combination with iso-
thermal load is responsible for coating fatigue, influencing the solar absorber optical values and
resulting in lower energy transformation efficiency. Finally, easy-to-apply coatings made out of spinel-
structured black pigment and durable binder could serve as a low-cost absorber coating replacement
for a new generation of parabolic trough collectors, making it possible to harvest solar energy
to provide medium-temperature heat to decarbonize future food, tobacco, and paint production
industrial processes.

Keywords: parabolic trough collectors; absorber coatings; service lifetime

1. Introduction

Globally, heat represents around 74 percent of the energy used by the industrial
sector and contributes to over 20 percent of the total global energy consumption across all
sectors [1]. Currently, the majority of industrial heat generation is derived from the process
of burning fossil fuels. The most energy-intensive industrial processes, such as cement,
iron and steel, and glass production, require high temperatures (>1000 °C) of industrial
heat. These processes are extremely difficult to decarbonize [2]. A quite similar amount
of final energy consumption to iron and steel production is present in the food, tobacco,
and paper industries, but the industrial heat temperature here is much lower. In the food
and tobacco industry, the majority (55%) of the industrial heat is below 100 °C and 45% is
between 100 and 400 °C [3]. Decarbonization in all sectors is essential and urgent [4]. Using
solar thermal energy can significantly reduce energy costs and carbon dioxide emissions
for a wide range of industrial product processing applications. In the EU, the cumulated
surfaces of solar thermal in operation in the European Union in 2022 are evaluated at
58.8 million m?. In 2022, the EU concentrated solar power (CSP) capacity was assessed
at 2333 MW [5]. CSP systems use parabolic trough collectors (PTCs) and linear Fresnel
reflectors (LFRs) or tower technology to provide heating and cooling to manufacturing
facilities. Different technologies, i.e., high-temperature heat pumps and heat storage, are
combined to form a single system that can reliably provide the necessary heat for a wide
variety of manufacturing processes, including those in the textile, plastics, wood, metal,
and chemical industries [6].
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Solar absorber coating is a crucial part of the absorber as it serves as an energy entry
point, tailoring energy conversion efficiency [7]. From the perspective of the initial energy
harvesting point and after a certain period of time on the field, energy transformation
efficiency is important to maximize the absorber output. To maximize the absorber output,
different coating types were developed in the past [8]. Coating complexity and the coating
application process is consequently related to the coating’s final price. Electroplating and
physical vapour deposition (PVD) offer high figure of merit [9] but also higher production
price. For mass production on flat surfaces, coil-coating application is suitable [10]. For
pipes that are used in CSP PVD production, it is an established practice that needs high
vacuum [11,12]. Thickness-sensitive spectrally selective coatings made by spray application
could meet the demands of CSP [13,14]. Furthermore, the absorber coating must have
high solar absorptance and low thermal emittance at the CSP operating temperature, so its
initial properties and durability are critical [15,16]. Every day, the collector-coating system
experiences a wide range of temperatures and solar concentration fluctuations caused by
day and night exchange and cloud passage, resulting in cycling from field to maximum
temperature. If the coating or the substrate is not stable enough, optimal energy transfor-
mation efficiency will fail. A decrease in energy transformation efficiency as an increase in
thermal emittance and decrease in solar absorptance result from the coating deteriorating
under the effects of thermal load, oxygen influence, and environmental conditions (such
as dew and humidity if the absorber pipe is not in a vacuum). Coating degradation could
result in optical or mechanical failure as a result of accelerated ageing that simulates the
on-field situation. Estimating the lifetime of an absorber coating has historically made use
of a number of different approaches. Accelerated ageing was performed through extensive
thermal cycling [17], isothermally aged in air [18,19], under real high solar flux [20] and
thermal cycling [15,21,22]. Research often solely focuses on studying fatigue materials
and their consequences. Rarely, extensive research is conducted that includes service-life
predictions. A procedure for accelerated life testing of flat plate solar absorber surfaces
was developed within the framework of the Materials in Solar Thermal Collectors working
group of the International Energy Agency--Solar Heating and Cooling Programme [23,24].
Out of Task X, a European standard (EN 12975-3-1 [25]) and international standards (ISO
22975-3:2014 [26]) were made. In our opinion, such an approach for PTC absorber coatings
and tower coatings is delicate, as in Task X for the estimation of activation energy, where
they used much higher temperatures than the operation temperature. This is not a problem
when you are testing vented flat plate solar absorber coatings for collectors working under
conditions corresponding to those in a typical solar domestic hot water system or combi
system. In the aforementioned case, a higher temperature than the stagnation temperature
used in accelerated testing does not cause fatigue to the substrate (copper or aluminium).
The oxidation of the polished surface beneath the coating, which accounts for the increase in
thermal emittance value, is negligible. The fact that aluminium thickness stops at a few nm
in air at temperatures around 100 °C supports that statement [27]. In the case of parabolic
trough collectors, the operation temperature is much higher in contrast to a vented flat
plate collector as a result of the higher concentration of solar energy on the small surface.
Consequently, operation temperature is often already limiting material use at high pressure,
and the additional step towards higher temperature needed for achieving the acceleration
factor is not acceptable. Nevertheless, the findings of this study broaden the range of
the model put forward in our previous research [15] in the direction of parabolic trough
collectors. The objective of this study was to establish the protocol that determines the
lifetime of scalable parabolic trough collector coatings made by, i.e., electrodeposition, deep
coating, and spray coating applications. The coatings undertook laboratory testing to simu-
late the loads that could be experienced on-field, demonstrating their fatigue behaviour
while maintaining excellent optical characteristics. The theoretical model integrated both
mechanical and optical degradation by using variables such as solar absorptance, thermal
emittance, oxide thickness, and fracture evaluation values to accurately predict the service
lifetime of the coating. We present a laboratory-based degradation evaluation through
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visual/infrared and X-ray diffraction (XRD) spectroscopy, scanning electron microscopy
(SEM), and energy-dispersive X-ray spectroscopy (EDS). Our investigation concentrates on
assessing the timeline of energy transformation efficiency decline for industrial coatings.
We analyse both initial and loaded coatings to provide comprehensive data. The approach
given here can be utilised to evaluate coatings utilised for competitive solar heat feeding in
future Solar Heat Industrial Processes (SHIPs). We show degradation information from a
lab point of view using X-ray diffraction (XRD) spectroscopy, scanning electron microscopy
(SEM), and energy-dispersive X-ray spectroscopy (EDS) on both the initial and loaded
coatings. This helps us figure out how long it takes for industrial coatings to lose their
ability to efficiently transform solar energy into useful heat. Coatings used for competitive
solar heat feeding the future industrial processes using solar heat can be evaluated using
the approach provided here. It is important to emphasise that in order to obtain an accurate
result, we must assess the entire system, including the coating and substrate.

2. Materials and Methods
2.1. Coating Preparation

We added the pigment (Black 444, Shepherd Colour Company, West Chester Township,
OH, USA) to a suitable amount of resin (Dowsil 2405, Dow, Torrance, CA, USA), a solvent
(xylene, Fluka), and additives. We then stirred the mixture with the dissolver VMA
Dispermat CN10 for 30 min at 1200 rpm. Furthermore, we milled the pigment dispersions
in a Dyno-mill Research Laboratory agitator bead mill (WAB, Willy A. Bachofen AG
Maschinenfabrik, Muttenz, Switzerland) using 0.3 mm diameter zirconia beads for half
an hour at 5000 rpm. We diluted the nanoparticle pigment dispersion to the appropriate
viscosity after milling and then prepared it for the spray coating. Coupons made out of steel
5 x 5 cm in size were polished by grid paper (1000). After spray application, wet coating
thickness was 40 microns. Coatings were cured in an air oven according to established
protocol [16].

2.2. Coating Load

Using a series of computer-controlled furnaces equipped with humidity/dew genera-
tors and increased oxygen concentration settings, we simulated the thermal load normally
faced by solar loop absorbers supplying industrial heat in a lab setting. Following the
coating curing protocol, Figure 1 schematically presents the loading protocol for identical
samples of PTC absorber coatings. We performed iso-thermal loading at 300, 400, and
500 °C. We exposed the samples in parallel to a cyclic load consisting of four steps. The
first step involved simulating dew and purging the furnace with steam. After 5 min of
dew simulation at room temperature, exponential heating takes place, followed by a short
plateau phase (300, 400, and 500 °C) and exponential cooling to room temperature. Heating
and cooling temperature was set to 6, 8, and 10 °C/min. In addition to air atmosphere in
furnaces, in one example oxygen was added to the furnace.

2.3. Characterization

We assessed weekly surface crack propagation using optical microscopy, evaluated
the weekly growth of the oxide layer beneath the coating using metallurgical cross-cut
evaluation and a Zeiss UltraPlus (Jena, Germany) analytical low-voltage scanning electron
microscope (SEM), estimated adhesion using pull-off testing, and gained a comprehensive
understanding of the collector material, the growth of the oxide layer below, and the diffu-
sion processes inside the collector surface using EDS. To obtain X-ray powder diffraction
(XRD) patterns, an X-ray powder diffractometer (PANalytical X'Pert PRO, Malvern, UK)
with CuK« radiation (A = 1.5406 A) was used. The 26 angle was set between 10° and 70°,
and the scanning speed was 0.04°/s. A Lambda 950 UV /VIS spectrometer was used to
measure the near normal spectral reflectance of the samples at wavelengths from 250 nm to
2500 nm. We used a Bruker Vertex 70v spectrometer (Billerica, MA, USA) with gold-coated
integrating sphere equipment to measure the samples’ normal hemispherical directional
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reflectance spectra in the infrared range, which covers wavelengths from 1.5 to 16.5 m.
We obtained the values for solar absorptance («g; Equation (1)) and thermal emittance
(e7; Equation (2)) from the measured reflectance spectra calculated numerically from the
measured reflectance spectra at room temperature using the equations below:

25
fo 25 f; Is(A)(1 — R()\))d/\
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where I5(A) is the reference solar spectral irradiance of AM 1.5 according to the ISO standard
(ISO 9845-1, 1992 [28]), R(A) is the spectral reflectance, and I, (A) is the blackbody radiation
at 80 °C.
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Figure 1. Schematic presentation of thermal load that simulates the on-field stress.
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2.4. Mathematical Modelling

In order to obtain a quantitative description of the degradation of the PTC absorber
coatings, we use a mathematical model which we proposed in our previous study (15),
which is designed to explicitly take into account the isothermal- and thermal-cycling loads
to which the absorber coating is exposed during its operation. The model distinguishes
between the thermal cycles performed in the dry and humid atmosphere. It is assumed
in the model that the optical degradation processes in the PTC absorber coating can be
described by the first-order kinetic equation:

du

= = KT, AT)f(w) ®)

where « is the extent of the conversion of the observed quantity (i.e., absorptance), f(«)
is the relevant reaction model and k(T,AT) is the rate constant, which depends on the
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temperature (T) during the isothermal load (it) and the magnitude of the temperature
difference AT during dry (dc) or wet/humid (wc) thermal cycling. Here, the degradation
due to the isothermal load is given as a function of time, while the thermal cycling is given
as a function of the number of cycles (1). For the model evaluation, it should be known in
advance how many thermal cycles of each type (dry/wet) are expected during a given time
interval. As the loads are not present simultaneously, we can write to a good approximation
a cumulative rate of the degradation as a sum of individual contributions:

do_ (du + T du + 7T du (4)
dt — \dt), " \dn), " \dn),,

Each term is supposed to have its own specific form. In particular, the isothermal
rate constant is assumed to be of the Arrhenius type [24], and the cycling rate constant is
assumed to have a power-law dependence on the temperature change, AT, according to
the Coffin-Manson relationship [29], which is commonly applied in modelling the fatigue
failure of materials subjected to thermal cycling. The factors 7/, = dn/dt are added in
order to keep explicit time dependence in the equation.

The individual reaction models f;(«) (i = {1 = it, 2 = dc, 3 = wc}) differ from each other,
as well as model parameters A;, ey, and B;, which are determined in the separate sets of
experiments dealing exclusively with one type of the degradation load. Fitting procedures
are used for deriving individual parameters.

(f;;)it = k(T)fi(@) = Arexp (=2 ) i) ©)
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3. Results
3.1. Crack Evolution

Crack evolution can affect the coating’s optical properties by trapping part of the solar
energy inside the cracks, thereby increasing the absorptance if cracks and pores are on a
proper micro to nano level [30]. Conversely, if the cracks are too large, the substrate will
affect the absorptance values, leading to decreased absorptance. We evaluated the cracks
in our samples on identical location every two weeks, using an optical microscope and
cured them before beginning testing. After each measurement, we processed the images
with custom-developed software to estimate the length and thickness of any cracks present
in the coating. We should highlight that in the case of PTC coatings made by spray-out
of pigment dispersion prepared as described above and loaded at temperatures 300, 400,
and 500 °C after proper curing, we did not observe the paint shrinkage that resulted in
cracks on the majority of samples if we applied proper coating thickness. Figure 2 represent
examples at 300 °C, where the coating thickness limits the optimal thickness. During
the first heat-exposure flux, the formation of minor cracks was detected on the surface
of the coating as a result of the difference in the thermal expansion of the substrate, the
binder decomposition and shrinkage, the formation of the oxide layer, and the coating
densification. The appearance of cracks was only spotted in two of our samples, but we
did not notice growth as a function of loading time.

On other samples, we did not discover cracks as the samples were stable enough at
the tested temperature.
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Figure 2. Optical microscopy images for pigmented coatings as a function of time under thermal
load at 300 °C after (a) initial application; (b) 2 weeks; (c) 4 weeks; (d) 6 weeks.

3.2. Oxide Thickness Evaluation

We used metallurgical cross-cutting, along with SEM microscopy, to study and under-
stand the interface between the substrate and coating. According to Figure 3, the coating
changes with load and stress. The picture shows how the oxide protective layer connects to
the coating layer that forms on the substrate surface. Moreover, oxide thickness is estimated
on 653 nm after 591 h of iso-thermal load at 400 °C.

Figure 3. Cross-cut of coating SEM/EDS image after 591 h at 400 °C.
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The growth of the oxide layer during thermal loading is significantly slower at lower
temperatures, whereas it grows more quickly at higher temperatures (Figure 4). In the case
of cyclic thermal loading, the formation of the oxide layer was similar to that detected at
high temperatures since the cyclic loading also involved exposure to 500 °C in the plateau
phase. Furthermore, it is also evident that exposure to a lower (300 and 400 °C) load
temperature causes significantly slower oxide thickness growth. Despite over 2000 h at
these temperatures, the oxide thickness stays below 1 micron, suggesting that the dense
oxide layer does not limit or weaken adhesion, even after prolonged accelerated stress.
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Figure 4. Oxide thickness as a function of time for different isothermal and cyclic loads.

3.3. Adhesion Evaluation

The oxygen ion diffusion distance and load temperature directly influence the growth
rate of thermally grown oxide on the substrate. The spray-deposited absorber coatings
are a consequence of solvent-borne paint being porous after curing, so oxygen has limited
access to the substrate surface. If the oxide layer’s non-uniform thickness is too high, it
may change the local stress state and cause the absorber coating to crack. As a result of
crack evolution and oxide growth, coatings can de-bond after a thermal load. The coating
layer peeling off from the substrate or cracking within a coating layer can lead to the failure
of the entire optical coating system. The latter is more prevalent at temperatures above
750 °C [31]. To evaluate the mechanical failure in the coating, we studied adhesion strength
as a function of time during thermal load exposure. We measured the release behaviour
using a standard pull-off test, which assesses the adhesive properties by measuring the
stress required to pull away the dolly from a flat, rigid, cylindrical punch initially pressed
into contact with the adhesive surface. Our tests provided a time evolution of the average
critical pull-off stress for different loads. By inspecting the punch surface, we identified
different delamination layers. Figure 5 represents the dolly surface after the pull-off test
at the different temperatures. When epoxy glue adheres the dolly to the loaded paint
surface, it delaminates at its weakest point. If the adhesion is good, the weakest point
will be the glue, which appears as a white dolly surface. When paint decomposes or
lacks sufficient binder, it becomes the weakest point, and its black pigment composition
results in a black dolly surface. Furthermore, if thick oxide grows below the surface,
delamination occurs over the oxide layer. In the last scenario, the dolly surface should be
grey. As shown in Figure 5, the most common colours on dolly surfaces are white and black.
This indicates excellent paint adhesion with some delamination. That is why additional
inspections are necessary if delamination takes place in the paint layer. Most often, we
witness delamination with a very thin layer. As the surface is very rough, we remove only
the top layer.
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Figure 5. Dolly surface after pull-off test photos for samples after 1314 h under different thermal loads.

Furthermore, we measured the force needed to remove the glued dolly from the
substrate. Figure 6 presents the results, demonstrating the stable force required to remove
the dolly over time for samples loaded at 300 and 400 °C. The pull-off test’s value for dolly
debonding was initially around 13 MPa and displayed rather steady behaviour, with a
slightly increasing trend over time. For samples loaded under cyclic load or at 500 °C at the
beginning, for the first 1000 h, the pull-off force remains constant, but after 1000 h of load,
it looks like the oxide thickness reaches a limiting thickness and the pull-off force decreases
with time [15]. After this period, we noticed a discrepancy in adhesion force for samples
at higher temperatures. Different modes of delamination can explain the variation in the
pull-off stress values, as illustrated in Figure 5.

18
16
14 -
©
o 12+
=
210
o
7 5.
=
?
S 6-
o
44 —»—P-300
—e— P-400
5] ——P-500
—+—P-CYC
0 T T T T T
0 500 1000 1500 2000 2500

Time (h)
Figure 6. Pull-off force as a function of loading time.

3.4. Coating Optical Property Changes Due to Thermal Load

In general, with some exceptions, researchers develop, classify, and select absorber
coatings based solely on their peak thermal performance, disregarding factors such as cost,
durability, and operating conditions. In our opinion, durability and cost are crucial when
we are talking about mass production. The optical properties have a direct impact on the
levelized energy cost. As a result, it is necessary to measure the spectral absorptance and
thermal emittance of new and stressed coatings. A perfect spectrally selective absorber has
almost no reflectance at short wavelengths and a lot of reflectance at long wavelengths. The
operating temperature determines the sharp change between these two regimes (Figure 7).
However, the overall properties across the solar spectral range are significant, as thermal
emittance must also be considered, particularly for spectrally selective coatings. Substrate
polish and the mirror-like structure are impacted by thermal emittance. Applying coatings
to a sand-blasted surface results in a thermal emittance of approximately 80%. Furthermore,
decreasing coating thickness directly affects thermal emittance because the IR penetration
range is limited. We should keep in mind that too low a thickness means non-maximal solar
absorptance; therefore, there is always a trade-off. For the coating used in our experiments,
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we measured a very high absorptance (>0.96), but not low emittance, because they are
non-selective. Also, we discovered that the absorptance does not depend on the thickness
(Figure 8). We prepared wet 5, 10, 20 and 40 pm thick coatings and measured absorption
and emittance. As you can see from the figure, we achieved similar absorptance of 96%
plus, but unfortunately, we have an emittance over 80% if the substrate is not polished.

Wet film thickness: 5um 10 pm 20 um 40 um
og value:  0.962 0.962 0.963 0.963
g7 value: 0.800 0.830 0.859 0.867

Figure 7. Dependence of coating thickness on solar absorptance and thermal emittance values.
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Figure 8. Reflectance spectra of coatings with B444 pigment before thermal ageing and after 14 weeks
(red and blue) at 300 °C. The orange spectrum represents pigmented coating on polished surface,
which is close to the ideal spectrally selective coating (dashed line). In addition, graphs for blackbody
radiation at 600 °C (violet) and AM 1.5 reference solar spectra (grey) are shown.

To achieve lower emittance, a coating with around 1.5 um thickness needs to be
prepared on a polished substrate. Figure 8 represents the reflection spectra for the visual
and IR ranges. In orange, a thin selective coating is presented on the surface of a polished
substrate. That shape is similar to that of the dashed line, indicating an almost ideal
selective coating. A delta e1T of 60% relates to the difference in spectra between P-300 and
thin selective coatings.

Furthermore, every two weeks, we measured how solar absorptance changed with
isothermal and cyclic thermal loads. Figure 9 displays that we achieved more than 96%
solar absorptance for our samples. We also discovered that the coatings showed different
degradation at different temperatures, but we want to emphasize that after 2500 h, the
developed coatings’ solar absorptance did not drop below the threshold value. A slight
increase in solar absorptance is seen at the beginning, and later values drop between
1000 and 1500 h of thermal load. In our opinion, this shift is related to measurement error
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and averaging the sample values as the deviation is in the range of 0.5%. These observations
are consistent with the variation in their solar absorptance during ageing. Note that the
upper and lower error bar values indicate the maximum and minimum measured solar
absorptance values from the batch of samples aged under the same conditions. If we
performed proper curing, the solar absorptance of our coatings remained relatively stable.
However, absorptance continued decreasing only if the loading temperature was above
700 °C (not part of the article).
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Figure 9. Solar absorptance as a function of time after the isothermal thermal load for coatings made
out of pigments.

3.5. XRD Spectroscopy Evaluation

We used X-ray diffraction (XRD) to look at the crystal structure of the pigment and
the oxide growth of the substrate-protecting layer to find the weakest spot in the solar ab-
sorber’s coating. XRD diffractograms of the initial substrate and coated samples (Figure 10)
after one week of isothermal testing at 300, 400, and 500 °C in an air furnace are presented.
Examining the substrates reveals that a thin oxide layer is present after one week of expo-
sure to 500 °C. We observed the martensitic and austenitic phases in untreated specimens.
A mechanical polishing effect is associated with the martensitic presence. The thermal
load intensifies the emphasis on austenitic phases. Over time, we also note the formation
of CryO3 [32]. Spinel pigment is very stable and does not show any change in crystal
structure at temperatures up to 500 °C. At higher temperatures, we witness changes related
to diffusion [16].
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Figure 10. XRD spectra of the substrate and coated samples after one week of isothermal testing at
300, 400, and 500 °C in air furnace.

3.6. Service Lifetime Prediction

In the final step, we used a mathematical model represented in Equation (2) for
calculating optical degradation as a function of time. We fitted the experimental data for
each temperature and cycling type to model the degradation curve. From the degradation
curve, we infer a lifetime of 15 years (the intersection between the black and the threshold
curves) when both loads are taken into account. After 15 years, we can expect that solar
absorptance will begin to decrease below 0.96. The prediction has a 16% relative error
(Figure 11). Over a span of 15 years, if the suggested coating is used to harness solar energy
for industrial processes, there is potential for a significant reduction in CO, emissions by
the industry.

Model degradation curve combining isothermal cycling load"
0.97

0.968 |

0.966 |

0.964

absorbtivity

0.962 |

0.96 \

0.958
0 2 4 6 8 10 12 14 16 18
# years [h]

Figure 11. Model degradation curve for solar absorptance as a function of time on the field (same
load); threshold value is marked with red line.

4. Conclusions

Our research provides valuable insights into the preparation and evaluation of the
PTC coating lifetime, with the aim of developing competitive coatings that could be applied
via the spray method. We extensively studied coatings not only for their longevity and
lifetime assessment but also to gather information for improving the next generation of
PTC absorber coatings. Selecting the right coatings for the desired substrate and targeting
the application and curing of the PTC coating typically results in excellent longevity.
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To accurately predict the lifetime, we combined isothermal and cyclic loads. We de-
veloped a mathematical model that includes all the needed aspects for accurate lifetime
prediction. We also looked at optical and mechanical degradation separately to deter-
mine which of the two progresses more rapidly towards the threshold value. The more
progressive degradation means that the coating needs to be reapplied sooner.

Future research should investigate low-cost absorber coatings for PTC technology that
offer reliable heat harvesting for the future decarbonised food, paper, and textile industries.
However, it is important to approach price reductions with caution, as undue undercutting
can damage a brand’s reputation and profitability.
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Abstract: The study began by pre-sintering Ga,Os powder at 950 °C for 1 h, followed by the
preparation of a mixture of Ga,O3 and 12 at% NiO powders to fabricate a source target material.
An electron beam (e-beam) system was then used to deposit NiO-doped Ga,O3 thin films on Si
substrates. X-ray diffraction (XRD) analyses revealed that the pre-sintered Ga,O3 at 950 °C exhibited
-phase characteristics, and the deposited NiO-doped Ga,Oj thin films exhibited an amorphous
phase. After the deposition of the NiO-doped Ga,Oj thin films, they were divided into two portions.
One portion underwent various analyses directly, while the other was annealed at 500 °C in air before
being analyzed. Field-emission scanning electron microscopy (FESEM) was utilized to process the
surface observation, and the cross-sectional observation was primarily used to measure the thickness
of the NiO-doped GayOj3 thin films. UV-Vis spectroscopy was used to calculate the bandgap by
analyzing the transmission spectra, while the Agilent B1I500A was employed to measure the I-V
characteristics. Hall measurements were also performed to assess the mobility, carrier concentration,
and resistivity of both NiO-doped GayOj3 thin films. The first innovation is that the 500 °C-annealed
NiO-doped GayOs thin films exhibited a larger bandgap and better electrical conductivity. The
manuscript provides an explanation for the observed increase in the bandgap. Another important
innovation is that the 500 °C-annealed NiO-doped Ga,Oj3 thin films revealed a high-energy bandgap
of 4.402 eV. The third innovation is that X-ray photoelectron spectroscopy (XPS) analyses of the
Gapps 2, Gagpi/2, Gazg, Nippz o, and Oy peaks were conducted to further investigate the reasons
behind the enhanced electrical conductivity of the 500 °C-annealed NiO-doped Ga,Oj3 thin films.

Keywords: NiO-doped Ga,03; wide-bandgap semiconductor; UV-Vis spectroscopy; electrical con-
ductivity; X-ray photoelectron spectroscopy

1. Introduction

[-phase GayOj3 is a wide-bandgap semiconductor (4.9 eV) with excellent physical and
chemical stabilities that has garnered significant interest in recent years [1]. Compared with
other wide-bandgap (WBG) semiconductors such as GaN and SiC, 3-phase GayO3 offers
faster electron drift velocities and higher breakdown voltages, and it can be produced at
high volume and lower cost. Directly fabricating 3-phase GayOj thin films is not an easy
task, primarily due to the material’s relatively high melting point (around 1725 °C), which
makes processing in high-temperature environments particularly challenging. In addition,
-phase GapOs is an oxide material with an asymmetric crystal structure, which can
lead to the formation of crystal defects or uneven growth during the thin-film deposition
process, ultimately affecting the performance of the thin films. In the past, chemical vapor
deposition (CVD) has been one of the primary methods for depositing Ga,O3 thin films.
For instance, thermal CVD is particularly advantageous due to its use of environmentally
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friendly and cost-effective precursors [2]. The main precursors for the method of thermal
CVD to deposit Gap O3 thin films include gallium trichloride (GaCls), gallium nitride (GaN),
gallium oxide (Gay0O3), and metallic gallium (Ga) [3]. While CVD-based methods are
commonly used deposition techniques, using traditional CVD-based methods to deposit
-phase Ga,Oj3 thin films still presents several challenges [4]. These include the selection
of suitable precursors, precise control over thin-film thickness, and managing the potential
formation of reaction byproducts during the deposition process.

Using WBG semiconductors to manufacture devices offers several significant ad-
vantages, particularly in high-performance, energy management, and extreme-condition
applications [5,6]. These benefits include the following:

1. Higher operating temperature range: WBG materials such as GaN and SiC have
superior thermal stability, enabling them to operate at higher temperatures than
traditional Si-based semiconductors. This makes them ideal for high-temperature
environments where traditional semiconductors may fail.

2. Higher switching frequencies: WBG semiconductors can operate at much higher
switching speeds, which makes them particularly suitable for high-frequency power
electronics applications. This includes RF amplifiers, wireless communication systems,
electric vehicle (EV) chargers, and power converters, where fast switching is crucial
for efficiency and performance.

3. Higher efficiency: WBG semiconductors exhibit lower conduction losses and switching
losses compared with conventional silicon. In power converters, motor drive systems,
and regenerative braking systems, this translates into significantly reduced energy loss,
improving the overall system efficiency and reducing energy consumption.

4. Higher voltage and current handling capability: The intrinsic properties of WBG semi-
conductors enable them to withstand much higher voltages and currents than silicon.
This makes them especially well-suited for applications requiring high voltage or high
current, such as power transmission, electric vehicles, and solar energy systems.

Because WBG semiconductors provide notable improvements in system performance,
energy efficiency, and reliability, they are ideal for next-generation applications in power
electronics, electric vehicles, renewable energy, and beyond [7]. In the past, various methods
have been explored for depositing Ga,Oj3 thin films, even those not in the 3 phase [8].
For example, Aleksandrova et al. used radio frequency sputtering with a commercially
available target (ZnO/GayO3 = 95/5 wt.%) to deposit ZnO-doped GayOj3 thin films [9],
while Liu et al. employed capacitively coupled plasma-assisted magnetron sputtering to
deposit amorphous Ga;Oj thin films [10]. However, the use of an electron beam (e-beam)
system for depositing Ga,Oj3 thin films has been relatively limited. This study primarily
focused on using the e-beam method to deposit GapOj3 thin films. The key advantages of
e-beam evaporation include high deposition rates, high-quality thin films, and high-purity
thin films, as the material is typically evaporated in a vacuum. It also allows for precise
control over the thickness of the deposited thin films, as the deposition rate can be carefully
regulated by adjusting the e-beam power. E-beam evaporation is versatile and can be
used to deposit a wide range of materials, including metals, alloys, ceramics, and some
organic compounds. In the case of the NiO-doped Ga,Oj3 thin films we use, NiO and
GayOj3 are co-evaporated during the deposition process, allowing for the possibility of
naturally forming compounds. In order to use Ga,Oj3 thin films for semiconductor device
fabrication, many studies have focused on doping Ga,O3 with various impurities to create
n-type semiconductor thin films [11,12].

Meanwhile, finding effective acceptor dopants to achieve p-type Ga,Oj3 thin films
remains a challenging and active area of research [13,14]. To achieve wider bandgap
p-type semiconductive GayOs thin films, this research used NiO as the dopant material
and introduced an alternative approach for preparing the target material that differs
from conventional methods. This is also one of the key reasons for the ongoing interest
in depositing 3-phase GayOj3 thin films, which further enhance these properties. The
main innovation of this research lies in developing a novel fabrication technique that
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enables GayOj thin films to exhibit higher WBG semiconductor properties even without
the -phase structure. Additionally, this approach allows for the straightforward induction
of p-type semiconductor characteristics in Ga,O3 thin films. This study presents three key
innovations. The first innovation lies in the development of a simple method to fabricate
p-type NiO-doped GayOj3 thin films. The second innovation involves a pre-sintering
process, in which Ga,O3 powder is initially heated to the (3 phase before the thin films are
deposited. The annealing process can enhance the properties of GapOs thin films, such as
by increasing the bandgap [15,16]. Subsequently, an annealing step is used to enhance the
crystalline and electrical properties of the deposited GayOs thin films, allowing them to
exhibit the characteristics of 3-phase GayO3 and thereby increasing the bandgap of the NiO-
doped GayOj thin films. The third innovation focuses on utilizing the annealing process to
improve the conductivity of the NiO-doped GayOj3 thin films. This is further investigated
by conducting a comprehensive X-ray photoelectron spectroscopy (XPS) analysis of the
e-beam-deposited NiO-doped Ga,Oj3 thin films, examining the Gapps 2, Gazg, Nizpz 2, and
Oy peaks before and after annealing. The changes observed in these peaks are analyzed to
explore the underlying mechanisms that contribute to the enhancement in conductivity.

2. Materials and Methods

The n-type silicon substrate (100) was used as the base material. Grease, contaminants,
and organic substances adhering to the substrate surface were removed with acetone.
Residual acetone was eliminated using isopropanol, followed by rinsing with deionized
water to remove any remaining solvents. After completing these steps, it was essential to
quickly dry the polished substrate surface with a nitrogen gun to prevent watermarks that
could impact subsequent processing yield. The Ga,O3; powder was pre-sintered at 950 °C
for 1 h. Next, the appropriate quantities of GapO3 and 12 at% NiO powders were separately
added to a ball mill grinding bowl, thoroughly mixed, and then dried. The main reason
for selecting 12 at% NiO as the dopant for Ga,O3 thin films was based on our previous
electrical analyses of Ga;Oj3 thin films doped with 4 at% and 8 at% NiO. We found that the
as-deposited NiO-doped Ga,Oj thin films were non-conductive, while the as-deposited
12 at% NiO-doped GaOs thin films exhibited conductivity. Since our primary focus was
to study the effects of annealing on NiO-doped GayO3 thin films, we chose 12 at% NiO as
the doping concentration for these thin films.

We compressed the dried 12 at% NiO-doped Ga;O3 powder into discs with a diameter
of 12 mm and a thickness of approximately 1.5 mm, followed by hardening the target at
500 °C. After the target was hardened, it was subjected to a simple crushing process to
form particles with diameters ranging from 0.5 mm to 2 mm. These particles were then
placed in a Mo crucible for thin-film deposition. After the sintered targets were placed in
the crucible of the e-beam, vacuum evacuation commenced. The pressure in the deposition
chamber was reduced to 7.8 x 10~° torr. Subsequently, NiO-doped Ga,O3 thin films were
deposited at room temperature. During the deposition process, only the deposition rate
was controlled, while the deposition pressure was not. The deposition lasted approximately
15 min, resulting in NiO-doped Ga;Oj3 thin films with a thickness of about 200 nm. For the
annealing process, the samples were transferred to a precision high-temperature sintering
furnace, where they were heated in air at a rate of 7 °C/min until reaching 500 °C. They
were held at this temperature for 30 min before cooling naturally to room temperature.

The primary reason for using indium as the electrode is its ability to readily melt at
low temperatures, facilitating the formation of an ohmic contact with the semiconductor
thin film. The procedure involves placing the sample on a hot plate, cutting an indium foil
to dimensions of 0.2 cm x 0.2 cm, and positioning it on top of the thin film. The indium
is then heated to 190 °C, causing it to melt and establish an ohmic contact with the thin
film, as illustrated in Figure 1. After deposition, the NiO-doped Ga,Oj3 thin films were
divided into two parts: one part underwent direct characterization analyses, while the
other was annealed in air at 500 °C before the characterization analyses. The analyses
included the following;:
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NiO-doped Ga,0;

Sio,

Figure 1. Schematic diagram for the NiO-doped Ga,Oj3 thin films.

(1) FESEM (field emission scanning electron microscopy) was used to observe the
surface morphology and measure the thickness of the thin films.

(2) EDS (energy dispersive spectroscopy) was integrated with FESEM to analyze the
distribution and concentrations of elements, confirming the successful doping of the NiO
in the Gay O3 thin films.

(3) XRD (X-ray diffraction) was employed to examine the crystal phases of the NiO-
doped Ga,Os thin films.

(4) UV-Vis spectroscopy was utilized to calculate the bandgap by analyzing the trans-
mission spectra. For this measurement, the NiO-doped Ga;Oj3 thin films were deposited
on translucent sapphire substrates.

(5) XPS (X-ray photoelectron spectroscopy) was used to analyze the photoelectrons
emitted from atomic inner layers to determine the surface element composition, oxidation
states, and chemical bonding of the NiO-doped GayO3 thin films.

(6) Following these characterizations, electrical property analyses were conducted
using the Agilent B1500A to measure the I-V characteristics of the thin films with deposited
electrodes. The measurement range was set from —2V to 2V to obtain the I-V characteristic
curve. Additionally, Hall measurements were performed to assess the carrier concentration,
mobility, and resistivity of the NiO-doped Ga;Oj3 thin films. The schematic diagram to
obtain the various NiO-doped Ga,Oj3 thin films and the different analyses for the various
NiO-doped GayOs thin films is shown in Figure 2.

Ga,0; powder was pre-sintered at 950°C for 1 h

l

Prepare Ga,0; + 12 at% NiO powder

Compressed the dried 12 at% NiO-doped Ga,0; powder
into discs, followed by hardening the target at 500°C

l

Put prepared target materials into Mo crucible and use
E-beam to deposit 12 at% NiO-doped Ga,O; thin films

l

Anneal 12 at% NiO-doped Ga,0,
thin films at 500°C For 30 min

l

12 at% NiO-doped Ga,O; thin films analyses
FESEM, EDS, XRD, UV-Vis spectroscopy,
XPS, I-V characteristics, Hall measurements

Figure 2. Schematic diagram to obtain the various NiO-doped Ga,Oj thin films and the different
analyses for the various NiO-doped GayOj3 thin films.
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3. Results and Discussion

The NiO-doped GayOj thin films were processed using different methods, leading to
distinct characteristics in their surface morphologies. Figure 3 illustrates these variations,
showcasing the surface morphologies of the thin films produced under different conditions.
Specifically, Figure 3a displays the as-deposited NiO-doped Ga, O3 thin films that did not
undergo annealing, while Figure 3b presents the thin films that were annealed at 500 °C.
In the SEM images of the non-annealed samples, it is clear that the NiO-doped GayOs
thin films were successfully deposited via e-beam evaporation. These thin films exhibit a
smooth surface, with densely packed particles, but clearly show cracks and voids on the
surface. The use of e-beam deposition for thin films can lead to uneven film structures,
with certain areas forming cracks or pores. These defects are typically caused by factors
such as temperature variations during the deposition process, unstable deposition rates,
or uneven gas distribution. During the film deposition on the substrate, internal stresses
may accumulate. If these stresses exceed the yield strength of the film material, they can
lead to the formation of cracks or pores. The stresses usually arise from thermal expansion
mismatch, differences in the thermal expansion coefficients between the substrate and the
film, or excessive film thickness. This is why the deposited thin film, specifically on the
surface, exhibits cracks and voids.

212 nm

—

500 nm

Figure 3. Surface morphologies of (a) un-annealed and (b) 500 °C-annealed NiO-doped Ga,O3 thin
films and (c) the cross-sectional image of the deposited NiO-doped Ga,Oj3 thin films.

However, as seen in Figure 3a, there is an absence of visible microcrystals in the
deposited films. In contrast, the annealing process at 500 °C did not induce cracks or
pores due to thermal contraction, which contributed to an increase in film density. The
regions of the thin films that remain smooth still exhibit excellent density, indicating a
robust structure. Additionally, the annealing treatment facilitated the formation of the
microcrystalline structure, which is clearly visible in Figure 3b for the 500 °C-annealed
NiO-doped GayOs thin films. This transformation highlights the significant impact of
thermal treatment on the structural properties of the NiO-doped Ga,O; thin films. The
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most significant findings presented in Figure 3a,b indicate that neither the as-deposited
NiO-doped Ga,Oj thin films nor the NiO-doped Ga,Os thin films that were annealed at
500 °C exhibited any abnormal deposits or signs of film delamination on their surfaces.
This suggests that the deposition process and subsequent thermal treatment resulted in
stable and uniform films that are free from defects that could compromise their structural
integrity. Figure 3¢ displays cross-sectional images used to measure the thickness of the
as-deposited NiO-doped Ga;Oj3 thin films. The measured thickness of these films was
215 nm, providing insight into their structural dimensions and confirming the successful
deposition process.

Figure 4a shows the EDS analysis of the 500 °C-annealed NiO-doped Ga;Oj3 thin
films. Similar results were obtained for the un-annealed NiO-doped Ga;Oj3 thin films,
and therefore, the analysis is not presented here. The EDS spectra confirm the successful
detection of Ga, Ni, and O elements in the 500 °C-annealed NiO-doped Ga;Oj3 thin films,
as shown in Figure 4b. The average ratios of the Ga, Ni, and O elements for the deposited
NiO-doped GayOj thin films and the 500 °C-annealed NiO-doped GayOs thin film were
42.54:5.98:51.48 and 41.15:5.74:53.11, respectively. The Ga-to-O ratio is not 2:3, primarily
due to the presence of NiO, which causes the Ga-to-O ratio to be lower than 2:3. This
result demonstrates the effective incorporation of NiO into the Ga;O3 matrix, affirming
the viability of the doping process and its successful implementation in modifying the thin
film composition.

cps/eV

: (b)

0 HNiGa Ni Ga

Figure 4. EDS analysis of the 500 °C-annealed NiO-doped Ga, O3 thin films: (a) analysis area and
(b) analysis result.

The XRD spectrum reveals the crystalline properties of the thin films subjected to
different annealing conditions, with the peaks indicating structural and phase changes in
the thin films. The X-ray diffraction (XRD) analyses revealed that both the un-annealed
and the 500 °C-annealed NiO-doped Ga;Oj3 thin films exhibited an amorphous phase.
In contrast, the Ga,O3 powder pre-sintered at 950 °C showed distinct diffraction peaks
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corresponding to the 3-Ga;O3 phase (not shown here). The main reason for the persistence
of the amorphous phase in the 500 °C-annealed NiO-doped GayOj thin films is that the
powder was pre-heated to 950 °C before deposition, causing it to transform into the
-Ga;O3 phase. When the powder was subsequently evaporated by the electron beam
deposition process, it re-condensed into fine particles and was deposited in an amorphous
state. Even after annealing at 500 °C, the crystal structure of the pre-sintered Ga,O3 powder
remained stable, with its primary phase still being Ga,O3. As a result, no new crystalline
phases were formed during the annealing process, and the material remained amorphous.
The transmittance spectra illustrate the material’s interaction with light, offering insights
into its bandgap properties. Variations in the annealing conditions can affect the absorption
edges and shifts, reflecting changes in the bandgap.

Measurements of the transmittance spectrum show that both the un-annealed and
500 °C-annealed NiO-doped Ga,Oj3 thin films exhibited distinct absorption edges. Notably,
after post-annealing, a blue shift in the absorption edge was observed, indicating an increase
in the bandgap for the 500 °C-annealed NiO-doped Ga;O3 thin films. Previous studies
found that while high-temperature annealing in a sintering furnace did not significantly
alter the crystalline properties of Ga;Oj3 thin films, it did have a substantial impact on the
Eg values (energy bandgap) of the deposited GayO; thin films [17]. In the past, various
methods had been employed to calculate the Eg values of certain materials [15]. This
study primarily utilized transmittance spectra data, applying the Tauc plot to determine
the Eg values. This approach aligns with the observations presented in Figure 5, where
variations in the bandgap are clearly evident. The determined bandgaps for the NiO-doped
Gay0O3 thin films are illustrated in Figure 5a,b, corresponding to the un-annealed and
500 °C-annealed samples, respectively. It is well established that the annealing process
can enhance the crystallinity of materials, leading to a reduction in defect states within
the bandgap and ultimately affecting their Eg values. The calculated Eg values for the
un-annealed and 500 °C-annealed NiO-doped Ga,Os thin films are 3.878 eV and 4.402 eV,
respectively. This significant increase in the bandgap following annealing clearly demon-
strates the positive impact of the annealing process on the crystallinity of the NiO-doped
GapOg thin films, highlighting the material’s improved electronic properties.

The primary reason for this result is that the powder underwent a pre-sintering process
at 950 °C, which already converted the powder into the 3-Gap;O3 phase. After deposition,
the resulting NiO-doped GaO3 thin films are amorphous. Although annealing at 500 °C
does not fully crystallize the thin films into the 3-Ga,;O3 phase, and the thin films remain
predominantly amorphous, it does promote the formation of microcrystals within the
Gay O3 thin films. We believe that the 500 °C annealing process activates the characteristics
of the 3-GayO3; phase. Even though the 500 °C-annealed thin films do not completely
crystallize into 3-GayOs, the heat treatment seems to stimulate local regions of the NiO-
doped GayO3 thin films that exhibit 3-phase-like properties. This partial crystallization
likely contributes to the observed increase in the Eg value of the Ga,Os thin films. To
further validate the effects of annealing on NiO-doped Ga, O3 thin films, XRD analyses
and the calculation of the Eg value for undoped and as-deposited GapOs thin films were
also conducted. The XRD analyses revealed that the undoped and as-deposited Ga, O3 thin
films exhibited an amorphous phase. Figure 5c illustrates the Eg value calculation for the
undoped and as-deposited GayOj3 thin films, which was determined to be 3.786 eV. This
value closely aligns with the Eg value of the as-deposited NiO-doped GayOs3 thin films.
Consequently, this observation further substantiates that the increase in the Eg value of the
500 °C-annealed NiO-doped Ga,Os thin films is primarily attributed to the effects of the
500 °C annealing process.

Figure 6 presents the SIMS analysis results for the elements Ga, Ni, Si, and O in
Figure 6a for the un-annealed NiO-doped Ga,Oj3 thin films and in Figure 6b for the 500 °C-
annealed NiO-doped Ga,Os thin films. Figure 6 shows that there is no significant difference
in the elemental changes between the un-annealed NiO-doped Ga;Oj3 thin films and the
500 °C-annealed NiO-doped GayO3 thin films. For example, in the case of the 500 °C-
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annealed NiO-doped GayOj thin films, the analysis results revealed that the concentration
of Ni shows a gradual decrease and that of O is almost unchanged from the surface to the
deeper layers of the thin film. Notably, at a depth of approximately 225 nm, both Ga and
Ni concentrations decline sharply. In contrast, the concentration of Si begins to increase
slightly around 180 nm, reaching its peak at approximately 215 nm. This trend indicates
a distinct compositional variation within the layers of the NiO-doped Ga;Oj3 thin films,
highlighting the interactions between these elements as the depth increases. Conversely, the
concentration of Ga exhibits minimal variation from the surface down to a depth of 225 nm.
In terms of O, its concentration is unchanged from the surface; however, a more pronounced
decrease begins around the 215 nm mark. The observed increase in Si concentration can
be attributed to the analysis depth reaching the underlying Si substrate, suggesting an
interaction with the thin film. The results of these analyses confirm the accuracy of the
thickness observations from the SEM image of the NiO-doped Ga,Oj5 thin films.
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Figure 5. Tauc plots of (a) un-annealed, (b) 500 °C-annealed NiO-doped Ga,Oj thin films, and
(c) un-annealed and undoped GayOs thin films.

Additionally, these results closely match the measured thickness of the deposited
NiO-doped GayOj thin films, approximately 215 nm. This consistency further reinforces
the reliability of both the imaging technique and the thickness measurements. The melting
temperatures of Ga;O3 and NiO powders are 1725 °C and 1955 °C, respectively. Fur-
thermore, the gradual decrease in Ni concentration and the uniform distribution of Ga
concentration indirectly support the earlier explanation that NiO evaporates more slowly
during deposition, while the Ga;O3 components tend to evaporate first. This behavior
underscores the differing thermal stabilities of the two materials throughout the deposition
process. As a result, the concentration of Ni diminishes from the bottom of the NiO-doped
GayOj thin films. Furthermore, the nearly constant oxygen (O) content observed from
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the surface inward suggests that there is no significant decomposition of NiO into its
constituent elements, Ni and oxygen, during the deposition of the NiO-doped Ga,O3 thin
films. This stability indicates a well-maintained chemical integrity of the thin films, which
is crucial for their intended applications.
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Figure 6. SIMS analysis results of Ga, Ni, Si, and O elements of (a) un-annealed NiO-doped Ga,O3
thin films and (b) 500 °C-annealed NiO-doped GayO3 thin films.

This study aimed to enhance the conductivity of the deposited Ga,Oj3 thin films,
which inherently lack electrical conductivity, by doping them with NiO. According to the
I-V measurement curves, we found that pure Ga,O; thin films showed no conductivity,
making it nearly impossible to observe significant changes in the I-V characteristics, as
illustrated in Figure 7. Therefore, we have chosen not to present the measurement results
of the pure GayOs thin films. In contrast, we discovered that both types of the NiO-doped
GayOs thin films prepared through different methods exhibited notable conductivity. We
proceeded to analyze and compare their electrical performances. The study evaluated an
un-annealed NiO-doped GayO; thin film alongside a NiO-doped GayOj3 thin film that was
annealed at 500 °C, using a B1500A electrical analysis system. The experimental results,
displayed in Figure 7, revealed that within the measurement range of —2V to +2V, both the
un-annealed and the 500 °C-annealed NiO-doped Ga,O; thin films, each approximately
212 nm thick, demonstrated a measurable level of conductivity. This finding indicates that
doping Ga, O3 with NiO effectively enhances its electrical properties, opening new avenues
for its application in electronic devices.

In our experiments, we investigated the I-V characteristics of the NiO-doped Ga,O3
thin films under applied bias voltages of —2V and +2V. When measuring the un-annealed
NiO-doped GayO; thin film, we observed that the maximum current density reached
approximately 10~* A/cm?. In contrast, using the NiO-doped Ga,Oj3 thin film that had
been annealed at 500 °C under the same bias conditions, we recorded a significantly higher
maximum current density of around 3.2 x 10° A/cm?. This stark difference highlights
the impact of thermal annealing on the electrical properties of the NiO-doped Ga,Oj3 thin
films. Pure GayOs thin films typically exhibit n-type semiconductor behaviors, which
arise from the defects or impurities within the material itself. These defects or impurities
introduce additional electrons within the bandgap, resulting in n-type characteristics.
Several factors may contribute to the emergence of p-type semiconductor behavior in
NiO-doped Ga; O3 thin films. NiO is a well-known p-type semiconductor material, and
its p-type characteristics can be maintained or even enhanced when Ga;Oj3 thin films are
added, through several mechanisms.

First, Ni?* has an ionic radius of approximately 0.069 nm, while Ga®* has a slightly
smaller ionic radius of about 0.062 nm. Nickel, being a common transition metal, has an
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ionic radius that is quite similar to that of gallium, suggesting its potential to substitute
for Ga atoms within the GayOj3 lattice. NiO itself is a p-type semiconductor, and the
doped nickel ions (Ni%*) contribute to the generation of holes. When NiO is incorporated
into GayO3, these holes can participate in electrical conduction, thereby imparting p-type
characteristics to the overall film. Moreover, the introduction of NiO alters the band
structure of GapOs, potentially leading to the formation of new energy bands or gaps. This
modification can promote the generation and movement of holes, further enhancing the
p-type conductivity of the material. Therefore, the combination of NiO with Ga;O3 not
only leverages the similar ionic radii of Ni** and Ga3* for effective lattice substitution but
also modifies the electronic properties of the host material, facilitating improved p-type
conduction. In this study, we demonstrate the transformation of completely non-conductive
Gap O3 thin films into conductive NiO-doped GayOj3 thin films, highlighting the feasibility
and potential impact of our research. This transition not only emphasizes the effectiveness
of doping but also opens up new possibilities for applications in electronic devices.
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Figure 7. Current-voltage properties of the un-annealed and 500 °C-annealed NiO-doped Ga,;O3
thin films.

The assessment of the current-voltage characteristics demonstrated that both un-
annealed and 500 °C-annealed NiO-doped Ga,Oj3 thin films exhibit remarkably favorable
electrical properties. To gather further data, Hall effect measurements were performed on
both sets of thin films. The results revealed that the carrier concentration in the un-annealed
NiO-doped Ga,O; thin films was 1.42 x 10'7/cm?, with a mobility of 3.20 x 10! cm?/Vs
and a resistivity of 2.42 x 10° Q-cm. In contrast, the 500 °C-annealed NiO-doped Ga,O;
thin films showed a significantly higher carrier concentration of 5.35 x 108 /cm?, a mobility
of 2.74 x 10?2 cm?/Vs, and a much lower resistivity of 5.61 x 1073 Q-cm. These findings
underscore a crucial point: the 500 °C-annealed NiO-doped Ga,Os thin films demonstrate
superior conductivity compared with their un-annealed counterparts, as evidenced by the
larger current values presented in Figure 7. This improvement in electrical properties can
be attributed to the annealing process, which enhances the impurity concentration and
mobility within the NiO-doped Ga;Os thin films. The annealing step facilitates the deeper
incorporation of NiO into the Ga,O3 matrix, thereby amplifying the previously mentioned
effects and ultimately leading to increased conductivity. The electrical conductivity of
the thin films was calculated based on the measured values, confirming that NiO-doped
Gay O3 thin films annealed at 500 °C exhibited excellent conductivity. The Hall parameters,
including carrier concentration and mobility, are influenced by several factors, such as
the thickness, doping concentration, material purity, and fabrication processes of the
deposited thin films. These factors significantly impact the electrical properties of the
NiO-doped Ga; O3 thin films, underscoring the complexity of optimizing their conductivity
for practical applications.
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XPS is a powerful quantitative spectroscopic method used to analyze the elemental
composition of materials at the parts-per-thousand level as well as to assess the electronic
configurations and the chemical bonding states of the elements present in deposited thin
films. This method is invaluable for understanding not only which elements are con-
tained in deposited films but also the nature of their interactions with other elements. For
NiO-doped Ga;Oj3 thin films, the decrease in conductivity is closely related to changes in
different XPS peaks. In our study, we employed XPS to investigate the chemical bonding
states of oxygen (O), gallium (Ga), and nickel (Ni) in the un-annealed NiO-doped GayO3
thin films and the 500 °C-annealed NiO-doped Ga,Oj thin films. By analyzing the mea-
sured data, we aimed to identify the factors contributing to variations in the electrical
properties of two different NiO-doped GayO3 thin films.

The typical Gapps/» peaks of the un-annealed NiO-doped GayOj3 thin films and
500 °C-annealed NiO-doped GaOs thin films, centered at 1118.03 and 1118.63 eV, re-
spectively, are shown in Figure 8a,b. For the un-annealed NiO-doped Ga,O3 thin films
(500 °C-annealed NiO-doped GayOs thin films), this peak consisted of three components:
the Gay peak at 1117.96 (1117.40) eV, attributed to metallic Ga-Ga (or Ga-Ni); the Gay
peak at 1118.71 (1118.15) eV, associated with the GayOs structure; and the Gayy peak at
1119.40 (1118.86) eV, corresponding to the Ga-O bond or high-oxidation-state Ga species
formed on the surface or interface, such as Ga(OH); or hydrated oxides [18]. In p-type
semiconductors, conductivity primarily depends on the holes” concentration. Therefore,
any alteration in the chemical environment that weakens the supply or mobility of holes
will result in a decrease in conductivity. The enhancements of the Ga(OH); or Ga-OH
peaks (representing surface-adsorbed water or oxides) may contribute to this conductivity
drop. This is because surface species such as Ga(OH)s can influence the carrier concen-
tration in the surface layer, reducing the effective hole concentration and, consequently,
lowering the material’s conductivity. As shown in Figure 8, when NiO-doped Ga,Oj3 thin
films are annealed at 500 °C, the area of the Gayj peak decreases from 10.224% to 7.864%,
which demonstrates that the 500 °C-annealed NiO-doped Ga;Oj3 thin films can exhibit
improved conductivity. The typical Gayp1/> peaks of the un-annealed NiO-doped Ga,0O;
thin films and the 500 °C-annealed NiO-doped Ga;Oj thin films are compared in Figure 9,
and their binding energies are centered at 1147.70 and 1145.36 eV, respectively, as shown
in Figure 9a,b. By comparing the analysis results of Figures 9 and 10, we observe that
the XPS trend of the Gayp,1 /> peaks is similar to that of the Gayp,3/2 peaks. As shown in
Figure 9, when NiO-doped Ga,Os thin films are annealed at 500 °C, the area of the Gayy
peak decreases from 10.568% to 8.103%, which also demonstrates that the 500 °C-annealed
NiO-doped GayOj3 thin films can exhibit improved conductivity.
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Figure 8. XPS spectra of the Gayp,3/2 peaks and the Gaussian-resolved components (a) un-annealed
NiO-doped Ga,Oj3 thin films and (b) 500 °C-annealed NiO-doped Ga,Oj3 thin films.
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Figure 9. XPS spectra of the Gayp,1 /2 peaks and the Gaussian-resolved components (a) un-annealed
NiO-doped Ga,Oj3 thin films and (b) 500 °C-annealed NiO-doped Ga,Oj3 thin films.
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Figure 10. XPS spectra of the Gagq peaks and the Gaussian-resolved components in (a) un-annealed
NiO-doped Ga, O3 thin films and (b) 500 °C-annealed NiO-doped Ga;Oj3 thin films.

The Gagq peak can be divided into two components: the Ga!* peak and the GaO
bonding peak. The Ga!* peak is typically associated with oxygen vacancies or other defects,
indicating that Ga atoms have lost some of their positive charge, possibly forming structures
like Ga,O [19]. This peak suggests that a portion of the gallium is in a reduced state, which
can impact the overall properties of the material. Conversely, the GaO bonding peak
represents the typical Ga-O bond, where gallium predominantly exists in the form of Ga3*.
This reflects the normal chemical bonding between gallium and oxygen atoms, indicating a
stable and well-formed network within the material. Figure 10a shows that the Gasz4 peak
of an un-annealed NiO-doped Ga;Oj3 thin film was centered at 20.783 eV, and the Gazq peak
of a 500 °C-annealed NiO-doped Ga,Oj3 thin film was centered at 20.000 eV, respectively.
In NiO-doped p-type Ga;Oj thin films, an increase in the Ga'* peak can lead to a decrease
in the thin film’s conductivity. NiO primarily functions as an acceptor in this context
by substituting Ni** for Ga3*, which creates holes that contribute to p-type conductivity.
Ideally, the chemical state of Ni>*-O?~ should be maintained to ensure effective generation
of holes. However, the presence of the Ga'* peak introduces negative effects that reduce
conductivity. Specifically, the existence of Ga'* suggests that some gallium is in a reduced
state, which tends to form stronger bonds with surrounding O?~ ions.

This alteration can disrupt the local charge balance, thereby interfering with the
effectiveness of Ni?* as an acceptor. As a result, the effective concentration of available
acceptors can generate a decrease in the holes. Therefore, an increase in the presence of Ga'*
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states negatively impacts the performance of the NiO-doped p-type Ga,O3 semiconductor
thin films. This phenomenon highlights the complex interplay between defect states and
conductivity in semiconductor materials, emphasizing the need for careful control of
doping and defect concentrations to optimize the electronic properties of the NiO-doped
p-type GayOs thin films. Figure 10 shows that after the annealing step at 500 °C for the
NiO-doped p-type Ga,Os thin films, the area of the Gal* peak significantly decreases, as
shown in Figure 10a, while the area of the Ga-O bond peak substantially increases, as
shown in Figure 10b. This observation indicates an enhancement in conductivity. The
reduction in the Ga'* peak suggests a decrease in the presence of reduced gallium states,
which can interfere with the generation of holes. Meanwhile, the increase in the Ga-O bond
peak reflects improved Ga-O bonding and a more stable structure, contributing to enhanced
electronic transport properties in the material. Overall, these changes are favorable for
improving the conductivity of the NiO-doped Gap;O3 semiconductor thin films.

In XPS analysis, the splitting of the Nij,3/2 peak typically indicates the presence of
different chemical environments or oxidation states. Specifically, the two components of
the Nipp3/> peak may correspond to nickel atoms in different chemical states, which could
arise from varying oxidation states of nickel or its bonding with other elements. The Ni?*
oxidation state is commonly observed in NiO, where nickel primarily exists as Ni** ions.
Thus, this peak is often associated with the electronic structure of Ni?* ions in NiO. On the
other hand, the Ni** oxidation state may appear in certain situations, particularly when
nickel is doped into the GayOs lattice. In these cases, nickel may exist as Ni3* ions, which
have a distinct electronic structure and typically manifest as a separate split peak in the
XPS spectrum. In GaOj3 thin films doped with NiO, the presence of Ni?* ions usually has
a stronger promoting effect on the p-type properties. Ni** ions act as an acceptor dopant,
introducing holes into Ga;O3 and thereby enhancing its p-type conductivity. In contrast,
the presence of Ni3* ions could negatively impact p-type conductivity. The relatively stable
electronic structure of Ni** ions might reduce the generation or mobility of holes, thus
impairing the conductive properties of the material.

Figure 11a,b show the XPS analysis results of the Nipp3,/» and Nipp, /2 peaks for un-
annealed and 500 °C-annealed NiO-doped Ga,Os thin films, respectively. By comparing the
data from Figure 11a,b, we can observe significant changes following the 500 °C annealing
process. Specifically, in the Niyp3/» peak, the area of the Ni?* (Ni**) peaks decreased
(increased) notably after annealing. However, the Nijp; /> peak showed a clear opposite
trend, with the area of the Ni?* (Ni®*) peaks increasing (decreasing) after annealing. This
change could be due to the relatively weak intensity of the Nip,; /» peak in the XPS analysis,
which may affect the accuracy of the analysis results. These findings also suggest that,
although annealing at 500 °C does not significantly promote the crystallinity of the NiO-
doped GayO3 thin films (as shown in Figure 3), it does facilitate the incorporation of NiO
into the GapO3 matrix to be changed to Ni3* ions. While the 500 °C annealing process
may increase the area of Ni®* peak and slightly reduce the p-type conductivity of the
NiO-doped Ga;O3 thin films, taking into account other factors, such as improved doping
and the overall structural effects, it still leads to enhanced conductivity compared with the
un-annealed thin films.

Figure 12 illustrates the O;4 peak of un-annealed NiO-doped GaOs thin films and
500 °C-annealed NiO-doped GayOj3 thin films. The typical O¢4 peak can be deconvoluted
into the Oy, Oy, and Oy, three nearly Gaussian components. For un-annealed NiO-
doped GayOs thin films (Figure 12a) and 500 °C-annealed NiO-doped Ga,Os thin films
(Figure 12b), the centers of the Oy peaks are located at 530.80 eV and 531.31 eV. The centers
of these peaks of un-annealed NiO-doped GayOs thin films are located at 530.05 & 0.03 eV
(Or), 530.72 £ 0.02 eV (Oyy), and 531.45 £ 0.02 eV (Opyp). The centers of these peaks
of 500 °C-annealed NiO-doped GaOj thin films are located at 530.48 + 0.02 eV (Oy),
531.15 £ 0.02 eV (Oy), and 531.88 £ 0.03 eV (Ory), respectively. This detailed analysis of
the Oy peaks provides crucial insights into the chemical environment of oxygen in the
NiO-doped Ga,Oj thin films, helping us to elucidate the underlying mechanisms that
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influence their electrical characteristics. Abenuz Acufa et al. found that a lower binding
energy peak at Oj is associated with the NiO phase, while the peak of the intermediate
binding energy at Oy is attributed to NiO(OH). The peak observed at the higher binding
energy of Opy is linked to organic contamination, such as carbon, which is commonly found
in most samples and easily adsorbs when exposed to the environment [20].
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Figure 11. XPS spectra of the Nipp3,, and Ni 5,1 /2 peaks and the Gaussian-resolved components of
(a) un-annealed NiO-doped Ga;Oj3 thin films and (b) 500 °C-annealed NiO-doped Ga, O3 thin films.
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Figure 12. XPS spectra of the Oy4 peaks and the Gaussian-resolved components in (a) un-annealed
NiO-doped GayOj3 thin films and (b) 500 °C-annealed NiO-doped Ga,Oj3 thin films.

Salunkhe et al. found that a lower binding energy peak at Oy is caused by the in-
teraction of lattice oxygen in the form of Ni-octahedral bonding in NiO. The peak at the
intermediate binding energy, Oy, is attributed to Ni®**, indicating vacancies or metal defi-
ciencies in the thin films. The peak observed at the higher binding energy, Oyy, is linked
to the presence of adsorbed O, on the surface layer of the deposited NiO [21]. The Oy
peak is typically associated with structural oxygen (also known as lattice oxygen), which is
part of the GapOs crystal structure and significantly influences the material’s fundamental
properties. The Ojy peak is related to defects or oxygen vacancies, which affect the electrical
properties of the material, particularly its conductivity. The Oyy; peak is generally linked
to surface oxygen or chemisorbed oxygen, which may originate from the environment or
the surface characteristics of the oxide. In terms of conductivity, the Oy peak often has
a more substantial impact [22]. The defect states of oxygen are crucial for the electronic
transport properties of the NiO-doped Ga;Oj3 thin films. As the annealing temperature
increased from room temperature to 500 °C, the area of the Oy peak decreased from 10.225%
to 6.938%, while the area of the Oy peak increased from 26.400% to 40.639%. Meanwhile,
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the area of the Oy; peak, which represents oxygen vacancies, decreased from 63.375% to
52.423%. Additionally, mobility improved with the increase in annealing temperature,
following a trend similar to that of the Oy peak area.

This indicates that the enhanced conductivity of the NiO-doped GayOs thin films after
annealing at 500 °C is primarily due to the decreased area of the Oy peak, reflecting a
decrease in oxygen vacancies. In the O;4 XPS analyses of the Ga,Oj thin films, an increase in
the area of the Oy peak typically indicates a higher number of oxygen vacancies or defects.
This situation usually leads to a change in the conductivity of the deposited NiO-doped
GayOs thin films. In n-type semiconductors, the primary charge carriers are electrons.
Oxygen vacancies provide additional electrons, increasing the concentration of conductive
carriers and enhancing conductivity. In p-type semiconductors, the main charge carriers
are holes, but the electrons supplied by oxygen vacancies can recombine with these holes,
reducing their number. Furthermore, in some cases, the presence of oxygen vacancies may
introduce new energy levels that can act as traps for both electrons and holes, thereby
affecting carrier mobility. Both of these factors contribute to a decrease in conductivity
in p-type semiconductors. Consequently, reducing oxygen vacancies leads to an increase
in conductivity. This is evidenced by Figure 12, which demonstrates that the NiO-doped
GayO3 thin films annealed at 500 °C exhibit higher conductivity.

4. Conclusions

From the SEM and EDS analyses of the NiO-doped Ga;Oj thin films, the measured
thickness of the thin films was 215 nm, with average elemental ratios of Ga, Ni, and O
of 41.15:5.74:53.11. For the un-annealed NiO-doped Ga,Oj thin films, the carrier concen-
tration was 1.42 x 10Y /cm?3, with a mobility of 3.20 x 10! cm?2/Vs and a resistivity of
242 x 10° Q-cm. In contrast, the 500 °C-annealed NiO-doped GaOj; thin films exhib-
ited a significantly higher carrier concentration of 5.35 x 10'8/cm?, a higher mobility of
2.74 x 102 cm?/Vs, and a much lower resistivity of 5.61 x 1073 Q-cm. For the XPS analyses,
when NiO-doped GayO3 thin films were annealed at 500 °C, the area of the Gayyy peak in
the Gagp3/o peak decreased from 10.224% to 7.864%, indicating that the annealed films
exhibit improved conductivity. The reduction in the Ga!* peak in the Gazq peak caused a
decrease in the presence of reduced gallium states, which hindered the generation of holes.
Meanwhile, the increase in the Ga—O bond peak improved Ga—-O bonding and a more stable
structure, both of which contributed to enhanced electronic transport properties. Overall,
the analysis of the Gagq peak supports the improvement in conductivity of the NiO-doped
GayO3 thin films. For the NiO-doped Ga,Os thin films, the acceptor dopant of the N i+
peak caused a decrease in the Nij,3/> peak and an increase in the Nipp,1 /> peak. The former
indicates a reduction in p-type conductivity, while the latter indicates an enhancement of
p-type conductivity. For the O;4 peak, the enhanced conductivity of the NiO-doped GapO3
thin films after annealing at 500 °C was primarily due to the decreased area of the Oy peak,
reflecting a decrease in oxygen vacancies.
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Abstract: Ni3Sny intermetallic compound (IMC) is a critical material in modern elec-
tronic packaging and soldering technology. Although NizSny enhances the strength of
solder joints, its brittleness and anisotropy make it prone to crack formation under me-
chanical stress, such as thermal cycling or vibration. To improve the plasticity of NizSny
and mitigate its anisotropy, this study employs first-principles calculations to investi-
gate the mechanical properties and electronic structure of the doped compounds Cex
Niz_«Sng (x =0, 0.5, 1, 1.5, 2) by adding the rare earth element Ce. The results indicate
that the structure Ce( s Nij 55n4 has a lower formation enthalpy (Hf) compared to other
doped structures, suggesting enhanced stability. It was found that all structures exhibit
improved plasticity with Ce doping, while the Cey 5 Niy 55n4 structure shows relatively
minor changes in hardness (H) and elastic modulus, along with the lowest anisotropy
value (AY). Analysis of the total density of states (TDOS) and partial density of states
(PDOS) reveals that the electronic properties are primarily influenced by the Ni-d and Ce-f
orbitals. At the Fermi level, all Cey Niz_,Sny (x =0, 0.5, 1, 1.5, 2) structures exhibit metallic
characteristics and distinct electrical conductivity. Notably, the TDOS value at the Fermi
level for Cep 5 Nip 55n4 lies between those of NizSny and other doped structures, indicating
good metallicity and conductivity, as well as relative stability. Further PDOS analysis
suggests that Ce doping enhances the plasticity of Ni3Sny. This study provides valuable
insights for the further application of rare earth elements in electronic packaging materials.

Keywords: intermetallic compounds; first-principles calculations; mechanical properties;
electronic structures; rare earth elements

1. Introduction

In modern electronic packaging technology, the study of intermetallic compounds
(IMCs) has gained increasing importance, particularly concerning their reliability [1,2]. As
solder joints become smaller and electronic devices advance towards higher performance
and density integration [3,4], the reliability of IMCs is critical to the mechanical performance
and durability of solder joints, directly impacting the overall performance and lifespan
of electronic devices [5]. The composition of intermetallic compounds (IMCs) and strain-
induced mismatch in the coefficient of thermal expansion (CTE) can lead to mechanical
fatigue failures in packaging [6]. Research has shown that changes in the microstructure and
mechanical properties of solder joints are often the primary causes of reliability issues [7-9].
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Sn-based lead-free solder typically refers to lead-free solder with Tin (Sn) as the primary
component, widely used in electronic soldering. When Tin-based solder contacts nickel-
coated layers, diffusion reactions occur at high temperatures, resulting in the formation
of NizSny intermetallic compound [10]. This compound is of great interest due to its
excellent mechanical properties, corrosion resistance, and wear resistance [11]. However,
the brittleness and anisotropy of NizSny can lead to cracking under thermal cycling and
mechanical stress, thereby impacting the reliability of solder joints [12,13]. Therefore,
enhancing the ductility of Ni3Sny and reducing its anisotropy are essential for improving
the reliability of electronic packaging.

First-principles calculations, based on quantum mechanics, provide high-precision
results without relying on empirical parameters or experimental data. This approach is
widely utilized in the design and optimization of new materials, particularly for predicting
their structures and properties [14-16]. Research by Yao et al. indicates that the incorpora-
tion of copper atoms reduces the stability and mechanical properties of the NizSny phase.
As the concentration of copper increases, the bulk modulus, shear modulus, and elastic
modulus of (Ni,Cu),Sny all decrease, suggesting that copper inclusion may adversely
affect mechanical performance and increase the risk of interfacial microcracks [17,18].
Furthermore, studies by Bi and Hu et al. demonstrate that adding small amounts of Co
(12.46 at.%) enhances the mechanical properties of Ni3Sny intermetallic compound, improv-
ing the shear strength of solder joints. First-principles calculations also reveal the primary
reasons for this enhancement [19]. Han and Chen et al. investigated NizSny with various
added elements (Pd, Pt, Ge, Sb, Co, Cu, In, and Pb) and showed that copper and antimony
negatively impact ductility, while germanium and lead improve it. The other elements have
a minimal effect on ductility and brittleness [20]. Additionally, researchers have explored
adding trace amounts of rare earth elements (such as La, Ce, and Sc) as alloying agents
in solders. Studies have demonstrated that solder containing rare earth elements exhibits
better wettability, creep strength, and tensile strength, while also reducing the thickness
of interfacial intermetallic compounds [21,22]. For example, Zhang et al. added 0.03 wt%
cerium to SnAgCu solder, and found that the fatigue life of the SnAgCuCe solder joints
exceeded that of SnAgCu joints by 30.2%. This indicates that SnAgCuCe solder can replace
traditional SnAgCu solder in electronic applications, offering enhanced reliability [23]. Ce
was chosen for doping due to its superior ability to improve the ductility and toughness
of NizSny, attributed to its unique electronic properties, such as d-f hybridization and
increased density of states near the Fermi level. Comparative studies indicate that while
other rare earth elements [24], such as La and Sc, enhance strength and hardness, their
effects on plasticity and toughness are less pronounced. By introducing rare elements, the
grain structure of the solder is effectively refined, which enhances the material’s toughness.
Furthermore, these elements improve the wettability between the solder and the substrate,
thereby increasing the bonding strength of the welded joints. However, research on the
doping of NizSny with rare earth elements remains relatively scarce. Therefore, exploring
the effects of rare earth element doping on the mechanical properties of NizSny alloys,
particularly concerning plasticity and anisotropy, could help to address this research gap.

This study aims to evaluate the potential of rare earth element Ce doping in NizSny
alloys, particularly in terms of enhancing toughness and influencing the alloy’s anisotropy.
By conducting an in-depth analysis of the mechanisms associated with Ce doping, this
research seeks to explore new pathways for optimizing material performance, ultimately
achieving superior overall mechanical properties. Initially, we examine the structural char-
acteristics and stability of the modified compound, denoted as CeyNi3_,Sny. Subsequently,
we investigate how different levels of Ce doping influence the mechanical properties
and anisotropy of the material. Finally, we analyze the electronic density of states of the
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CexNi3_,Sny alloy. This research aims to provide valuable insights for improving the
properties of NizSny.

2. Structural Characteristics and Stability

The NizSny crystal is classified within the monoclinic system, belonging to the space
group C2/m [25]. Each unit cell comprises six nickel (Ni) atoms and eight tin (5n) atoms.
The Ni atoms occupy two distinct positions: Ni(2a) and Ni(4i). The Ni(2a) atoms are located
at the eight vertices of a hexahedron and at the center of the XY plane, while the Ni(4i)
atoms reside within the hexahedron and the XZ plane. The initial lattice parameters for
the geometric optimization of the NizSny structure are as follows: ag = 12.21 A, by=4.054A,
cp=5.20 A, p = 105.03°, and the volume V = 248.434 A3. A schematic diagram of the
Ni3Sny crystal structure is presented in Figure la. Ce atom doping can substitute Ni
atoms at the Wyckoff positions in the crystal, as illustrated in Figure 1. The calculated
formation enthalpies for CegsNip 5514 at the 4i and 2a positions are —24.607 kJ /mol and
—23.079 k] /mol, respectively. This indicates a preference for Ce atoms to occupy the 4i
position over the 2a position, as evidenced by the lower formation enthalpy of Cey5Ni 5514
(4i). Therefore, it is assumed in this calculation that all alloying elements occupy the 4i

position within the NizSny crystal.

Figure 1. Crystal structures of (a) NizgSny, (b) Ceg5Nip55n4(4i), (¢) Cegs5Nip55n4(2a), (d) Cep NipSny,
(e) C€1.5Nl.1.551’l4, and (f) CEzNi15n4.

To investigate the thermodynamic stability, the following formula is employed to
calculate the formation enthalpy Hy of the Ni3Sny-based ternary structure [8]. This enthalpy
reflects the alloy’s ability to form: the more negative the Hy value, the easier it is for the
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alloy structure to form, indicating a more stable system [25]. the formation enthalpy is
calculated using the following formula:

B [Eapvqwg — (pEu+qEv + ng)]
ptq+g

M

where EJ; |, v represents the total energy of the intermetallic compound U, V, W, (where U,
pVaWe

V, and W are the constituent elements, and p, g, and g are their respective atomic numbers);
Ey, Ey and Eyy are the per-atom energies in the single crystal structures of U, V, and W,
respectively. The calculation results are presented in Table 1. It can be observed that after
Ce doping, the value of Cey5Nip55n4 is relatively low and close to that of the undoped
NizSny. Compared to other structures with varying Ce doping contents, CegsNip 5514
exhibits greater stability.

Table 1. Through experiments and calculations, the lattice parameters (A), cell volume (%), and
formation enthalpy (Hf).

Phase Reference a(d) b (A) c(A) B () Volume (4%) (k]~1§(§1—1)

This work 12.210 4.054 5.196 105.03 248.434 —24.744
Calculation [26,27] 12.220 4.060 5.270 104.970 253.46 —24.000
Calculation [20] 12.299 4.084 5.288 105.190 - —26.000
NizSny Calculation [18] 12.418 4.111 4315 105.480 - —26.700
Calculation [19] 12.334 4.100 5.325 105.010 - —26.900

Experiment [28] 12.210 4.060 5.22 105.50 258.83 -

Experiment [29] 12.199 4.061 522 105.25 249.58 -
Ce5Nip5Sny(4i) This work 12.283 4.093 5.322 105.41 257.941 —24.607
Ceg5Nip5Sny(2a) This work 12.278 4.062 5.210 105.08 250.892 —23.079
Ce1NipSny This work 12.493 4.114 5.231 105.32 259.300 —24.472
Ce15Ni155ny This work 12.496 4.658 5.365 105.31 301.195 —24.341
CeyNiySny i This work 12.783 4.891 5.423 105.73 326.357 —24.214

Figure 2 illustrates the variation in lattice constants of the alloy CeyNiz_,Sny
(x=0,0.5,1, 1.5, 2). Atomic doping can significantly affect the lattice constants. Dop-
ing atoms typically either replace or insert themselves into the lattice of the matrix atoms.
This alteration can lead to an increase or decrease in the lattice constant, depending on
the size and properties of the doping atoms [30]. When the radius of the doping atoms is
similar to that of the matrix atoms, the change in lattice constant is usually minimal. Con-
versely, when the radius of the doping atoms exceeds that of the matrix atoms, the lattice
constant tends to increase; if the doping atoms are smaller, the lattice constant decreases.
As the amount of Ce replacing Ni increases, the lengths of a (A),b (A), and ¢ (A) exhibit
different increases compared to the lattice constant of Ni3Sny, showing distinct directional
differences. When the increments of the lattice constants a (A), b (A), and ¢ (A) differ,
the crystal typically exhibits noticeable anisotropy in various directions [31,32]. This may
weaken the directional dependence of bonding and consequently impact the anisotropic
and elastic properties of CexNiz_,Sny (x =0, 0.5,1, 1.5, 2), which will be discussed later.

In this study, first-principles calculations based on density functional theory (DFT)
were performed using the Cambridge Sequential Total Energy Package (CASTEP) [33].
Traditional nanoindentation allows for rapid and practical assessment of material me-
chanical properties [34-36], while first-principles calculations provide high precision and
a deep understanding of material characteristics. During the calculations, the electron
exchange-correlation function was modeled using the Perdew—-Burke-Ernzerhof (PBE) [37],
functional under the generalized gradient approximation (GGA-PBE) [38], and the inter-
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action potential between valence electrons and ions was simulated using the ultrasoft
pseudopotential (USPP). A kinetic energy cutoff of 400 eV was selected for the plane wave
function expansion, and the Broyden-Fletcher—Goldfarb (BFG) algorithm was employed
for structural optimization. The Pulay density mixing method was utilized for electron
relaxation in the self-consistent field (SCF) calculations. The convergence criteria for the
SCF calculations were set as follows: the total energy must be less than 1.0 x 107 eV /atom,
the force on each atom must be less than 0.05 eV / A, the tolerance offset must be less than
0.002 A, and the maximum stress deviation must be less than 0.1 GPa.

Ni3Sny Ce,5Ni, sSn, Ce,Ni,Sn, Ce, sNi, ;Sn, Ce,Ni;Sn,
Figure 2. Changes in lattice constants a (A), b (A), and ¢ (A) with varying Ce content.

To ensure the accuracy of subsequent calculations and obtain the most stable crys-
tal structure, a stringent total energy convergence test was conducted. The elastic con-
stants C;; and elastic compliance constants S;; for CeyNiz_,Sny were calculated using
2 x 5 x 6 Monkhorst-Pack K points, and the results are presented in Tables 2 and 3.

Table 2. Elastic constants (GPa) of CexNiz_,Sny (x=0,0.5,1, 1.5, 2).

Phase Reference C11 C]z C13 C22 C23 C33 C44 C55 Ceg C15 Czs C35 C45
This work 181.06 68.70 60.12 146.08 75.24 162.32 62.74 60.61 47.03 —24.46 11.23 —11.34 14.92

NiszSny Calculation [20] 176.60 64.30 57.40 146.00 76.10 169.70 60.80 49.50 46.70 —22.90 7.00 -9.6 6.90
Calculation [18] 155.48 70.68 69.34 164.33 68.26 149.86 62.74 59.99 59.95 —21.97 13.99 —8.73 4.90

Ceg5Nip55ny This work 168.12 65.37 60.08 143.16 65.21 157.03 55.11 53.51 43.32 —-17.6 12.42 —9.71 11.21
Ce1NipSny This work 152.87 63.28 59.21 122.79 64.52 140.27 52.66 5291 43.67 —16.88 11.23 —11.34 9.73
Ce15Niy55n4 This work 140.13 55.79 50.12 119.17 73.30 137.71 51.64 50.49 43.21 —16.02 10.07 —15.12 9.27
CeyNiySny This work 125.31 45.61 40.27 93.22 63.57 104.28 51.13 40.53 32.01 —6.11 7.01 —11.09 4.38

Table 3. Elastic compliance constants (GPa) of CeyNiz_,Sns (x=0,0.5,1,1.5, 2).
Phase Su S12 S13 S» Sx S33 Sua Sss See S15 Sas S35 Sa6

NizSny 0.0076 —0.0033 —0.0010 0.0108 —0.0041 0.0086 0.0172 0.0190 0.0232 0.0035 —0.0041 0.0019 —0.0055
Cegs5Niz5Sny 0.0081 —0.0033 —0.0016 0.0103 —0.0033 0.0084 0.0192 0.0210 0.0244 0.0031 —0.0041 0.0018 —0.0050
Ce1NipSny 0.0093 —0.0040 —0.0018 0.0126 —0.0045 0.0102 0.0198 0.0216 0.0239 0.0034 —0.0049 0.0026 —0.0044
Cey5Niy55n4 0.0095 —0.0043 —0.0008 0.0156 —0.0075 0.0121 0.0201 0.0238 0.0241 0.0036 —0.0067 0.0049 —0.0043
CeyNiySny 0.0100 —0.0044 —0.0010 0.0220 —0.0126 0.0184 0.0198 0.0283 0.0316 0.0020 —0.0079 0.0071 —0.0027

3. Mechanical Properties

The mechanical stability of a crystal structure can be assessed using independent
elastic constants [39]. The elastic constant matrix can be reduced to 13 variables based
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on the symmetry of the monoclinic structure. The criteria for mechanical stability in the
monoclinic system are expressed by the following equations [40—42]:

Cij > 0(i=1-6) @)
[C]l 4+ Cop + C33 + Z(Clz + Ci3 + ng)] >0 3)
(C33Cs5 — C35) > 0, (CyaCep — Cap) > 0, (Cop + C33 —2Cp3) >0 4)

Table 2 presents the calculated elastic constants C;; for all structures based on Ni3Sny.
The elastic constants for NizSny closely align with other computational results [18,20]. The
elastic constants C;; for the structures of CexNiz_,Sng (x =0, 0.5, 1, 1.5, 2) readily satisfy the
corresponding criteria listed in Equations (2)—(4), indicating that the studied CeyNi3_,Sny
structures are mechanically stable at 0 K. To further compute the Young’s modulus [43]
of CexNiz_,Sny (x =0, 0.5, 1, 1.5, 2), the Voigt—Reuss-Hill (VRH) [44] approach can be
employed. The Voigt (V) and Reuss (R) values for bulk modulus and shear modulus can be
calculated using the following formulas:

1
By = <9> [C11 + Co2 + C33 + 2(Cr2 + C13 + Co3))] ©®)

Gy = (1/15)[Cq1 + Cop + C33 4+ 3(Caq + Cs5 + Ces)

6
—(C12 + Ci3+ Co3)] ©

Br = Q[a(Cn + Cpp — 2C12) + b(2C12 —2Cq1 — ng)
+c(Cy5 —2Cas5) + d(2C1p 4 2Co3 — C13 — 2Co2) ()
+2¢(Ca5 — C15) + f] 71

Gr = 15{4[a(Cq1 + C2 + C12) +b(C11 — C12 — Cp3) +¢(Cy5
+Ca5) +d(Co2 — Cra — Co3 — Ci3) +¢(C15 — Cos) +£]/Q2 8)

Cys+Ceg —1
+3 8 44
Q1 CyyCee—C3 }

a = C33Cs5 — C35 ©)
b = Cp3Cs5 — Cp5C3s (10)
¢ = C13C35 — C15C33 (11)
d = C13Cs5 — C15Cs35 (12)
e = C13Cy5 — C15Co3 (13)

f = C11(CaCs5 — C35) — C12(C12Cs5 — C15Ca5)

(14)
+C15(C12Co5 — C15Cp0) 4 Co5(Co3C35 — Cp5C33)

g = C11C22Ca3 — C11C35 — CCiy — C33CF, + 2C12C13Cas (15)
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O-» Ci15C25(C33C12 — C13Co3) 4 C15C35(CooCr3 — C12Co3)
+C25C35(C11Ca3 — C12Cq3) (16)
—[C5(C2Ca3 — C33) + C55(C11Ca3 — CF) + C35(C11Ca2 — Cfy) | +8Cs5

The bulk modulus (B) represents the resistance of a material to external compression
in flexible systems, while the shear modulus (G) describes the material’s ability to resist
shear strain. The Young’s modulus (E) and Poisson’s ratio (v) can be derived from G and B.
Additionally, hardness (H) can be obtained from the Young’s modulus (E) and Poisson’s
ratio (v) [45,46], with calculations as follows:

B = By + Br (17)
2
G = Gv +Gr (18)
2
9BG
- 3B+G 19)
3B —2G
- il 2
T 2(B+0G) (20)
(1-2v)
-9 21
H 6(1 +v)E @)

The values of the bulk modulus (B), shear modulus (G), Young’s modulus (E), Poisson’s
ratio (v), hardness (H), and the ratio B/ G for CexNi3_,Sny (x=0,0.5,1, 1.5, 2) can be derived
from Equations (17) to (21). The calculated values are presented in Figure 3 and Table 4.
Regarding the hardness of pure NizSny, some experimental data are listed in Table 5. A
large number of nanoindentation results for Young’s modulus fall within the range of 119.4
to 156 GPa, while the hardness values range from 6.1 to 8.8 GPa. The main variation in these
values is due to the influence of the sample’s specific morphology on the nanoindentation
measurement process. In this study, for pure NizSny, the calculated values are as follows:
B =99.15 GPa, G =49.59 GPa, E = 128.31 GPa, v = 0.284, and B/G = 1.98. These values fall
within the range of experimental data obtained via nanoindentation, further confirming the
reliability of the computational approach [19,47]. The capacity of a material to withstand
deformation is represented by its bulk modulus (B), determined by the strength of the
chemical bonds and the compressibility of the material. A higher bulk modulus signifies
increased strength, which corresponds to a diminished ability to deform. Table 4 indicates
that the bulk modulus (B) decreases with higher Ce doping levels, implying that Ce doping
enhances the plasticity of the material.

Table 4. Calculated elastic modulus and relevant values of Cey Niz_,Sny alloys (unit in GPa).

Phase Reference By Gy Br GRr B G E v H B/G
This work 99.15 53.03 98.58 46.87 99.15 49.95 128.31 0.284 7.18 1.98

NixSn Calculation [48] - - - - 100.86 49.89 128.48 0.287 - 2.02
130714 Calculation [47] - - - - 100.19 51.62 132.15 0.280 - 1.94
Calculation [18] 98.47 53.96 97.56 49.42 98.01 53.96 136.78 0.270 - 1.82

C€0.5 Nl'2.5 STZ4 This work

Ce1NipSny This work
Ce15Niy55ny This work
CeoNiqSny This work

9450  48.87 93.94 44.98 94.22 46.92 120.72 0.286 6.68 2.00
88.21  45.38 87.49 41.02 87.85 43.19 111.34 0.289 6.08 2.03
83.89  43.56 82.75 37.22 83.32 40.39 104.32 0.291 5.61 2.06
69.07  36.29 68.77 29.27 68.92 32.78 84.88 0.295 4.49 2.10
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Table 5. The Young’s modulus (E) and hardness of Ni3Sny were obtained through experiments and

calculations. (unit in GPa).

Phase Reference E H
NizSny This work 128.31 7.18
NizSny Experiment [19] 124.6 5.81
NizSny Experiment [49] 123.4~134.0 6.1~7.0
Ni3Sny Experiment [18] 135.3 + 84 5.0 £ 0.63
(Co, Ni)3Sny Experiment [19] 132.3 5.98
(Cu, Ni)35n4 Experiment [18] 1263 £ 7.6 47 +0.72
2. 145F
| —®—-B/G
o
2. 090
Q | ./
R 9 035} ./
o ./
1. 980} o—
0' 296 I Il I Il I
L /.
0. 292 - -
> 0. 288} /
L ./.
0. 284} —
O. 280 I Il I Il I

.04 —v-H V—0u

= 6. 16

5.28[7

84 1
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I L *
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Ce, sNi, sSn,

Ce,Ni,Sn, Ce,  Ni, Sn, Ce,Ni,Sn,

Figure 3. The variation in bulk modulus, shear modulus, and Young modulus with the Ce atom.

In general, the ratio of bulk modulus to shear modulus (B/G) is used to describe the

ductility or brittleness of a crystal structure [46]. A lower B/G value is associated with

brittleness, while a higher B/G value indicates improved ductility. For the Ni3Sny structure,
the B/G ratio is 1.98. Following the addition of Ce, the B/G value increases with higher Ce
content, suggesting an enhancement in ductility. Moreover, a lower Poisson’s ratio signifies

that the material experiences less lateral deformation during tensile or compressive loading,

making it more susceptible to brittle fracture rather than plastic deformation once a critical

stress threshold is reached [50]. In contrast, a higher Poisson’s ratio indicates greater lateral

deformation under similar loading conditions, reflecting improved deformability and
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greater plasticity. Thus, the Poisson’s ratio is directly related to the material’s ability to resist
shear stress; a higher Poisson’s ratio corresponds to enhanced plasticity. Consequently, the
observed increase in Poisson’s ratio with Ce doping suggests that the plasticity of NizSny
is enhanced, which is consistent with the findings from the B/G analysis. This indicates
that with Ce doping, the material is more likely to undergo plastic deformation rather than
brittle fracture under applied stress. Furthermore, as Ce content increases, the hardness (H)
value decreases accordingly.

It is generally accepted that the evolution of cracks within solder joints is closely
related to the elastic anisotropy of intermetallic compounds (IMCs). In electronic packaging,
microcracks induced by elastic anisotropy can adversely affect the reliability of electronic
products. During the production and operation of solder joints, the anisotropic plastic
deformation of IMCs can lead to the formation of microcracks, thereby reducing the
reliability of electronic devices [51]. To investigate the impact of Ce introduction on the
elastic anisotropy of IMCs, a universal anisotropy index AY was employed. A higher AY
value indicates greater structural anisotropy of the material. The calculation formula for
AU is provided below, with the calculated results shown in Figure 4.

AU =524~ ¢ (22)

nY K

1.2

1.20

1.0
I 0.87

> 08}
< | 0.66

0.6 | 0.53
I 0.45

04

0.2

0.0

Ni3Sn4 Ceo'SNiz.SSn“ CelNi2SH4 Cel.SNil.Ssn4 CezNil Sl‘l4

Figure 4. The variation of AY with the Ce atom fraction.

If the value of AY is zero, the structure is considered isotropic. A higher AY value
indicates greater anisotropy in the material. The AY value for Ni3Sny is 0.66, which is
close to values reported in the literature [19]. Calculations suggest that Ce, Niz_,Sny
is anisotropic, with Cey5Nip 5514 exhibiting a smaller AY value than Ni3Sny. This indi-
cates that a small amount of Ce doping can improve the anisotropy of Ni3Sny, thereby
reducing the tendency for microcrack formation, which helps enhance the reliability of the
solder joints.
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To further investigate the anisotropy of the Cey Niz_,Sny structure, three-dimensional
(3D) surface plots of the bulk modulus and Young’s modulus were created, as shown
in Figures 5 and 6. The results indicate that for all Ni3Sns based structures, the three-
dimensional surface plots display varying degrees of deviation from sphericity, suggesting
that both Ni3Sny and Ceyx Nis_,Sny exhibit anisotropy. Furthermore, after Ce doping, the
shape of Cey Ni3_,Sny deviates even more from sphericity, indicating an enhancement in
anisotropy. Notably, only Cey5Ni, 5514 exhibits a shape closer to spherical for its Young’s
modulus, suggesting that this structure has relatively lower anisotropy, which is consistent

with the computed results.
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Figure 5. The surface constructions of bulk modulus for (a) NizSny, (b) Cegs5Nip 5514, (c) Ce1NipSny,
(d) C€1_5Ni1_5s7’l4, and (e) CE2Ni15i’l4.

In summary, the plasticity of the Cey Niz_,Sny structures is enhanced compared to
the undoped version. Notably, the Cey5Ni, 551, structure not only demonstrates improved
plasticity but also exhibits the lowest degree of anisotropy, which reduces the tendency for
microcrack formation. This enhancement contributes to the reliability of the solder joints.
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Figure 6. The 3D surface plots of Young’s modulus for (a) Ni3Sny, (b) Ceg5Nia55n4, (¢) CegNipSny,
(d) Cel_5Ni1_5Sn4, and (e) CEzNi15n4.

4. Electronic Structure

It is widely recognized that the mechanical properties and energy characteristics
of materials are largely determined by their electronic structure. To better understand
the bonding mechanisms of intermetallic compounds with different alloying elements,
we analyzed the total density of states (TDOS) and partial density of states (PDOS) for
CexNiz_,Sny (x=0,0.5,1, 1.5, 2). The results are illustrated in Figures 7 and 8, where the
Fermi level (Er) is positioned at zero energy. For all studied structures, the alloy density
of states curves are continuous at the Fermi energy (0 eV), and the density of states (DOS)
values at the Fermi level (Ngr) are all greater than zero, indicating that all structures exhibit
metallic characteristics and good electrical conductivity [52]. A smaller density of states at
the Fermi level correlates with greater structural stability; conversely, a larger density can
lead to bonding instability within the system [53]. Figure 7 shows that the alloy density
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of states at the Fermi level increases with higher Ce content. Therefore, as the Ce content
increases, the structural stability decreases gradually. This result is consistent with the
conclusion from the previous formation energy calculations, which show that as the Ce
content increases, the system’s energy increases, leading to a gradual decline in structural
stability. Among the CexNi3_,Sny structures, Ceg5Nip 5514 has the lowest alloy density of
states at the Fermi level, consistent with previous structural stability analyses. Furthermore,
it was found that the density of states at the Fermi level (0 eV) for the doped structures is
higher than that of Ni3Sny, suggesting an enhancement in conductivity following doping.
A greater electronic density of states within the alloy system facilitates the formation of
metallic bonds, which contributes to improved ductility and reduced brittleness [53]. The
continued addition of Ce is expected to enhance the alloy’s ductility, aligning with the
results derived from B/G, Poisson’s ratio v, and Cauchy pressure C;; assessments regarding
the impact of Ce content on the alloy’s ductility-brittleness balance.

40
—— Ni,Sn,
13 . 7 Ceo_SNiz_SSn4
e ‘ Ce,Ni,Sn,
30 — Ce,5Ni, 5Sn,
§ Ce,Ni,Sn,
3
=]
£
g 20
ct
[92)
Q
_
10
0 "
-10 -5 0 5
Energy(eV)

Figure 7. Comparison of total density of states (TDOS) in CeyNiz_,Sns (x =0,0.5,1, 1.5, 2).

In metal compound NizSny, two primary bonding peaks are observed at —2.31 eV and
—1.78 eV. The main factor influencing the bonding in Ni3Sny is the hybridization between
Ni-d and Sn-p states, with the DOS values contributed by Ni-d states spanning from 0
to —5.5 eV. Below —6 eV, the Sn-s states predominantly influence the DOS, consistent
with previous findings [54]. In the Ce-doped intermetallic compound CeyNiz_,Sny, these
bonding peaks are weakened, and a new bonding peak appears around 0.8-1.4 eV, primarily
dominated by Ce-f electrons. This indicates that the hybridization between Ni-d and Sn-p
electrons is diminished after Ce replaces Ni in NizSny. The introduction of Ce also reveals
a contribution from Ce-f states to the DOS and suggests that there may be covalent bonding
between Ni and Ce.

Furthermore, the formation of covalent interactions aligns with the trends observed in
the Poisson’s ratio. In the Ce-doped NizSny system studied here, we observed a significant
increase in the overlap between Ce-f and Sn-p orbitals with increasing Ce content. This
indicates that upon Ce substitution of NizSny, the hybridization between Ni-d and Sn-
p electrons is weakened. Additionally, a new peak appears in the 0 eV to 4 eV range,
primarily dominated by Ce-d electrons. The strength of atomic interactions can be inferred
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from the overlap of f- and p-hybrid orbitals. According to Gschneidner et al. [55], a clear
relationship between electronic structure and the ductile or brittle behavior of crystal
structures has been established. Therefore, we hypothesize that Ce doping enhances
the ductility of NizSny, which is consistent with the increased ductility observed in our

mechanical property calculations.
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In summary, the electronic structure analysis reveals that the total density of states
(TDOS) and partial density of states (PDOS) of CexNi3_,Sny (x =0, 0.5, 1, 1.5, 2) are
primarily influenced by Ni-d and Ce-f states. The addition of Ce increases the toughness of
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the Ni3Sny alloy, aligning with the trends observed in the previous calculations.
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5. Conclusions

In this study, we employed first-principles calculations to simulate the ternary inter-
metallic compound based on Ni3Sny and investigate the structural, elastic, and electronic
properties following the substitution of Ni with cerium (Ce). The results can be summarized
as follows:

(1) Inthe doped structure of Cey5Nip 5514, the formation enthalpies for Ce occupying the
4i and 2a sites are —24.607 k] /mol and —23.079 k] /mol, respectively. This indicates
that Ce atoms preferentially occupy the 4i site over the 2a site. Additionally, the
formation enthalpy H value for the structure with x = 0.5 is the lowest among the
CexNi3_,Sny (x =0, 0.5, 1, 1.5, 2) structures, suggesting that Ce doping favors the
stability of the Ce(5Nip5514(4i) structure relative to the others.

(2) After Ce doping, the elastic modulus of the Cey, Niz_,Sny structure decreased, while
its plasticity improved across the board. Additionally, both the Poisson’s ratio (v) and
the ratio of bulk modulus to shear modulus (B/G) increased with higher Ce doping
levels. Notably, the Cep5Nip 551, structure exhibited minimal changes in hardness (H)
and elastic modulus, yet its anisotropy value (AY) was the lowest, indicating that Ce
doping effectively enhances the ductility and reduces the anisotropic characteristics
of Ni3zSny.

(3) The electronic structure analysis of CexNis_,Sny (x =0, 0.5, 1, 1.5, 2) reveals that the
total density of states (TDOS) and partial density of states (PDOS) are primarily influ-
enced by Ni-d and Ce-f orbitals. All studied structures exhibit metallic characteristics
and good electrical conductivity, as evidenced by nonzero TDOS at the Fermi level.
Increasing Ce content leads to higher TDOS at the Fermi level, indicating reduced
structural stability, consistent with formation energy calculations. The introduction of
Ce also weakens the hybridization between Ni-d and Sn-p states, while generating
a new bonding peak at 0.8~1.4 eV dominated by Ce-f orbitals. This suggests the
formation of covalent bonds between Ni and Ce, and an enhanced overlap between
Ce-f and Sn-p orbitals with higher Ce content. These electronic changes contribute
to stronger metallic bonding and improved ductility, aligning with mechanical prop-
erty calculations, such as B/G ratios, Poisson’s ratio, and Cauchy pressure. Overall,
the analysis confirms that Ce doping enhances the toughness of NizSny, providing
insights into the role of electronic structure in tailoring the mechanical properties of
intermetallic compounds.

To date, there have been no reported experimental or theoretical values. Therefore,
the results of this study can provide a reference for the further application of this type of
material and serve as a validation for future research efforts.
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Abstract: High-strength bolts are prone to crack initiation from the threaded hole during
fastening due to large loads, which can compromise their performance and reliability.
To enhance the durability of these bolts, coatings are often employed to strengthen their
surfaces. NbMoTaW refractory high-entropy alloy coatings are widely used in hard coating
applications due to their exceptional mechanical properties. However, the brittleness of
this alloy at room temperature limits its performance in high-stress environments. To
enhance the ductility of NbMoTaW alloys, this study systematically investigates the effect
of varying titanium (Ti) content on the alloy’s properties. First-principles calculations
were employed to analyze the elastic properties of TixNbMoTaW alloys, including elastic
constants, the elastic modulus, the bulk modulus (B)-to-shear modulus (G) ratio (Pugh’s
ratio), Poisson’s ratio (v), and Cauchy pressure (C12-C44). The results indicate that the
addition of Ti significantly improves the alloy’s plasticity. Specifically, when the Ti content
is x = 2, the B/G ratio increases to 3.23, and Poisson’s ratio increases to 0.39, indicating
enhanced deformability. At x = 0.75, the elastic modulus (E) increases to 273.78 GPa,
compared to 244.99 GPa for the original alloy. The experimental results further validate the
computational findings. X-ray diffraction (XRD) and scanning electron microscopy (SEM)
analyses indicate that all alloys exhibit a single body-centered cubic (BCC) phase. Room-
temperature compression tests show that as the Ti content increases, the yield strength,
fracture strength, and plasticity of the alloys significantly improve. Specifically, for a Ti
content of x = 0.75, the yield strength reaches 1551 MPa, the fracture strength is 1856 MPa,
and the plastic strain increases to 14.6%. For Til.5SNbMoTaW, the yield strength is 1506 MPa,
the fracture strength is 1893 MPa, and the plastic strain is 17.3%. Overall, TixNbMoTaW
refractory high-entropy alloys demonstrate significant improvements in both plasticity and
strength, showing great potential for coating applications in high-stress environments.

Keywords: refractory high-entropy alloy; phase structure; mechanical properties; first-
principles calculations

1. Introduction

High-strength bolts experience significant loads during connection, especially under
tightening loads, leading to crack initiation from the threaded holes. These cracks can not
only cause bolt failure but also compromise the safety and reliability of the entire connection
system. To enhance bolts” performance and extend their service life, researchers commonly
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apply coatings to improve the mechanical properties of the bolt materials [1-3]. As the
demand for high-performance coating materials continues to grow, refractory high-entropy
alloys (RHEAs) have emerged as promising candidates due to their exceptional high-
temperature strength, corrosion resistance, and hardness [4-8]. RHEAs typically consist of
five or more metallic elements [9-11], forming solid solutions with high structural stabil-
ity. These alloys exhibit excellent mechanical properties and superior high-temperature
characteristics, enabling them to offer outstanding wear resistance, oxidation resistance,
and thermal corrosion resistance in extreme environments [12-15]. Despite its excellent
performance at elevated temperatures, NbMoTaW RHEA exhibits significant brittleness at
room temperature [16,17] which limits its broader application in certain engineering fields.
To overcome this challenge, improving the room-temperature plasticity of NbMoTaW re-
fractory high-entropy alloys has become a key focus of research, aiming to expand their
applicability in a broader range of fields.

Optimizing the mechanical properties of refractory high-entropy alloys (RHEAs) to
achieve higher strength and toughness has become a prominent area of research in materials
science. In recent years, numerous studies have focused on doping various elements to
modulate the microstructure and mechanical properties of RHEAs. Senkov et al. [18]
experimentally investigated the microstructure, hardness, tensile properties, and high-
temperature mechanical performance of NbMoTaW and VNbMoTaW alloys, analyzing
the effect of vanadium (V) doping on alloy performance. Their findings indicated that
while the addition of vanadium enhanced the high-temperature strength, it sacrificed the
alloy’s plasticity and toughness. Similarly, Qiao et al. [19] studied NbTaV-based alloys,
improving their high-temperature mechanical properties by adding titanium (Ti) and
tungsten (W). Their experiments showed that the incorporation of Ti and W significantly
increased the high-temperature strength and stability, but excessive tungsten content could
lead to increased brittleness at room temperature. Other reports have suggested that precise
control of alloy composition and microstructure can improve overall performance, with a
focus on the design of novel alloy systems [20]; Chan et al. [21] also demonstrated that in Nb
alloys, sufficient Ti content (>24%) is required to achieve ductility. Ti enhances the tensile
ductility and fracture toughness of Nb solid solution alloys, further confirming the positive
role of Ti in enhancing the plasticity of the alloys. In addition to RHEAs, other coating
strategies have also demonstrated significant potential [22]. For instance, incorporating
Y,03 into an Al,O3; matrix has been shown to enhance wear resistance and mechanical
strength, although its adaptability to high-temperature and humid environments requires
further optimization [23]. Similarly, high-entropy alloys, with their unique multi-principal
element compositions and tunable properties, offer tremendous potential for corrosion
resistance in harsh conditions [24]. Studies suggest that adding elements like titanium
(Ti) [25] or niobium (Nb) can further improve the corrosion resistance and stability of HEAs,
enabling them to perform reliably in complex environments. Qi et al. [26] demonstrated,
through first-principles calculations, that Mo and W, as brittle metals, result in lower
toughness and ductility in NbMoTaW RHEAs. Alloying to reduce the average valence
electron concentration of Mo- and W-based alloys can improve their toughness and ductility.
The valence electron concentrations of Ti, Nb, Mo, Ta, and W are 4, 5, 6, 5, and 6, respectively.
Since Ti has the lowest valence electron concentration, introducing Ti into NbMoTaW alloys
reduces the overall valence electron concentration, thereby enhancing their toughness.
Therefore, the addition of Ti holds significant research importance for enhancing the
plasticity, toughness, and ductility of NbMoTaW refractory high-entropy alloys (RHEAs).

This study systematically investigates the effects of titanium (Ti) content on the mi-
crostructure and room-temperature mechanical properties of TixNbMoTaW (x = 0, 0.25,
0.5, 0.75, 1, 1.5, 2) refractory high-entropy alloys (RHEAs), based on NbMoTaW alloys,
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using a combination of first-principles calculations and experimental testing. First, first-
principles calculations were employed to analyze the influence of varying Ti content on
the mechanical properties and electronic structure of TixNbMoTaW alloys, focusing on
changes in elastic constants, elastic moduli, B/G ratio, Poisson’s ratio (v), Cauchy pressure
(C12-C44), anisotropy factor, and electronic density of states. Subsequently, the alloy sam-
ples were characterized using X-ray diffraction (XRD) and scanning electron microscopy
(SEM). Finally, room-temperature compression tests were performed to further validate the
effectiveness of Ti in enhancing the alloy’s plasticity and to confirm the reliability of the
first-principles calculations in predicting the mechanical properties of the alloys.

2. Computational Theory and Experimental Methods
2.1. Theoretical Methods

In this study, the Special Quasirandom Structures (SQS) method is used for modeling.
Figure 1 shows the unit cell model of the body-centered cubic (BCC) structure for the
TixNbMoTaW refractory high-entropy alloy. In this study, first-principles calculations
based on density functional theory (DFT) were performed using the Cambridge Sequential
Total Energy Package (CASTEP) [27]. Traditional nanoindentation allows for the rapid
and practical assessment of material mechanical properties [28-30], while first-principles
calculations provide high precision and a deep understanding of material characteristics.
During the calculations, the electron exchange-correlation function was modeled using
the Perdew—Burke—-Ernzerhof (PBE) [31] functional under the Generalized Gradient Ap-
proximation (GGA-PBE) [32], the interaction potential between valence electrons and ions
was simulated using the ultrasoft pseudopotential (USPP), and the plane-wave function
expansion cutoff energy was set to 650 eV. Geometry optimization of the structure was
carried out using the Broyden—Fletcher—Goldfarb (BFG) algorithm. For the Self-Consistent
Field (SCF) calculations, electron relaxation was performed using the Pulay density mix-
ing method. The convergence criteria for the SCF calculations were as follows: the total
energy was converged to within 1.0 x 107® eV /atom, the force on each atom was less
than 0.05 eV/ A, the displacement tolerance was below 0.002 A, and the maximum stress
deviation was smaller than 0.1 GPa. To ensure the accuracy of the computational results,
the optimal K-point grid was selected based on the lowest energy criterion. As shown in
Figure 2, the energy is lowest and the convergence is best when the K-point grid is set to
10 x 10 x 10 for all five alloys. Therefore, in this study, a K-point grid of 10 x 10 x 10 was
used for the calculations.

2.2. Experimental Details

In this study, TixNbMoTaW refractory high-entropy alloys were melted using a vac-
uum arc furnace (AM200) from Edmund Biihler, Bodelshausen, Germany. First, the alloy
components were precisely calculated and weighed according to the designed composi-
tion (see Table 1). The metal raw materials were polished to remove oxide layers using
sandpaper, then cleaned with alcohol and dried, as shown in Figure 3, to ensure a purity
of over 99.95%, with particle sizes controlled between 1 and 10 mm. Prior to melting,
the equipment was inspected to ensure proper operation, and the furnace chamber was
evacuated to eliminate air and prevent reactions at high temperatures. During the melting
process, argon gas was used as the protective atmosphere. The melting was conducted at a
voltage of 380 V and in a current range of 250-500 A, with the arc temperature maintained
between 5000 and 6000 K. Each melting cycle lasted for 5 min, and the ingot was flipped
nine times to ensure homogeneity in the alloy composition.
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Figure 1. Cell model of TiyNbMoTaW high-entropy alloy: (a) NbMoTaW, (b) Tig5NbMoTaW,
(c) Tig sNbMoTaW, (d) Tip 7sNbMoTaW, (e) TiNbMoTaW, (f) Ti; sNbMoTaW, (g) Ti,NbMoTaW.
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Table 1. Percentage of elements in TixNbMoTaW refractory high-entropy alloy (in%).

Ti Nb Mo Ta W

NbMoTaW 0 25.00 25.00 25.00 25.00
Tig,5sNbMoTaW 5.88 23.53 23.53 23.53 23.53
Tig sNbMoTaW 11.11 22.22 22.22 22.22 22.22
Tig7sNbMoTaW 15.79 21.05 21.05 21.05 21.05
TiNbMoTaW 20.00 20.00 20.00 20.00 20.00
Til.5NbMoTaW 27.27 18.18 18.18 18.18 18.18
Ti2NbMoTaW 33.33 16.66 16.66 16.66 16.66

Figure 3. TixNbMoTaW refractory high-entropy alloy characterization sample.

In this experiment, the TixNbMoTaW refractory high-entropy alloy was characterized
using X-ray diffraction (XRD) with a SmartLab-SE X-ray diffractometer from Rigaku, Tokyo,
Japan. Additionally, the microstructure and morphology of the cast alloy were analyzed
using a TESCAN MIRA LMS scanning electron microscope (SEM) from the Brno, Czech Re-
public, equipped with an energy-dispersive spectrometer (EDS) and backscattered electron
detector (BSE) to evaluate the degree of element segregation and the elemental distribution
in the microregions. XRD analysis was used to determine the phase structure of the alloys,
providing insights into their crystallographic properties. The XRD patterns were analyzed
based on the diffraction angles (20) and the corresponding peak intensities, allowing for
the identification of the crystalline phases present in the samples. Additionally, room-
temperature compression tests were conducted on the alloy samples, which were shaped
as cylinders with a length-to-diameter ratio of 1.5:1, and dimensions of @3 x 4.5 mm. The
selected strain rate (loading rate) for the uniaxial compression test was 5 x 1074 s~1.

3. Results and Discussion

3.1. Theoretical Results
3.1.1. Crystal Structure

This study uses computational analysis to determine the specific phase types of a
high-entropy alloy based on parameters such as atomic radius difference (6), mixing en-
thalpy (AH,,;), mixing entropy (AS,,ix), entropy-to-enthalpy ratio (), electronegativity
difference (Ay), atomic size difference parameter (y), and average valence electron concen-
tration (VEC) [33,34]. The atomic radius difference (8) reflects the disparity in atomic radii
among the constituent elements. The entropy-to-enthalpy ratio ((2) indicates the relative
weight of entropy and enthalpy in the alloy, helping to assess the alloy’s entropy level and
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preventing the formation of intermetallic compounds. When the alloy parameters meet
the following conditions, the alloy exhibits a disordered solid solution phase: 6 < 6.5%,
—15 < AH,;; <5KkJ/mol, 12 < AS,,;y < 17.5]/(K-mol), and Q) > 1.1 [29-32]. An atomic
size difference parameter (y) < 1.175 and a small electronegativity difference indicate a
tendency for the alloy to form a solid solution. When the average valence electron con-
centration (VEC) is <6.87, the alloy crystallizes in a body-centered cubic (BCC) structure;
for 6.87 < VEC < 8, the alloy adopts a dual-phase BCC and face-centered cubic (FCC)
structure, and when VEC > 8§, the alloy forms an FCC structure [35].

The calculated phase formation parameters for the TixNbMoTaW refractory high-
entropy alloy are shown in Figure 4. The phase structure of TixNbMoTaW high-entropy
alloys is found to be a disordered solid solution phase. The calculated VEC values are less
than 6.87, indicating a BCC structure, and the VEC decreases from 5.500 to 4.998, suggesting
that the addition of Ti improves the alloy’s toughness and ductility. Figure 4 illustrates the
impact of Ti content on the alloy phase formation parameters. As the Ti content increases,
5, AS,iv, Q), and vy initially increase and then decrease. The maximum 6 of 1.891 occurs
at x = 1.5, while the maximum Q) of 5.801 is observed at x = 0.5. Meanwhile, the mixing
enthalpy (AH,,;,), electronegativity difference (Ax), and VEC decrease significantly, further
confirming that TixNbMoTaW high-entropy alloys are more likely to form a BCC structure.
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3.1.2. Elastic Properties

Using first-principles density functional theory, the elastic constants of the alloy
were calculated. Based on phase structure analysis, the crystal structure of TixNbMoTaW
refractory high-entropy alloys (RHEAs) is body-centered cubic (BCC). Due to the symmetry
of this structure, there are only three independent elastic constants: C11, C12, and C44. For
the mechanical stability of a cubic crystal system, these elastic constants must satisfy the
Born-Huang mechanical stability criteria [36-38].

Cij>0(i=1 ~ 4) (1)
Ci1—C2>0 )
Ci1 +2C12 >0 3)

As shown in Table 2, the elastic constants of the high-entropy alloy in this study satisfy
the mechanical stability criteria, indicating that the alloy is mechanically stable under 0 GPa
conditions. To predict the elastic properties of TixNbMoTaW refractory high-entropy alloys
(RHEAs) with compositions of x =0, 0.25, 0.5, 0.75, 1, 1.5, 2, the Voigt—Reuss—-Hill (VRH)
approximation method was employed to calculate parameters such as the bulk modulus
(B), Young’s modulus (E), Poisson’s ratio (v), and shear modulus (G) [39,40]. Additionally,
the Pugh ratio (B/G), Cauchy pressure (C11-C44), hardness (H), and universal anisotropy
index (AY) [41] were computed using the formulas provided. The results are presented in
Table 2.

B—By—Bg— 11 -;2012 @)
@ = 5(C11 — C12)Cyg )
4Cys +3(Ci1 — Cip)
C11 —Cp+3C
Gy = <1 152 14 ©)
G— Gy + Gr @)
2
9BG
~ 3B+G ®)
3B —-2G
T 2BB+0G) ©)
(1-2v)
H=-——.E 1
6(1+v) (10)
Gy , By
AY =522 4 ¥ 11
SGR + By 6 (11)

According to references [42,43], adding Ti to NbMoTaW alloys can improve their
toughness and ductility. However, the relationship between Ti content and the degree of
toughness enhancement remains unclear. In this study, first-principles calculations were
used to analyze how varying Ti content affects the degree of toughness improvement in the
alloy. The toughness or brittleness of the alloy can be assessed using three parameters: B/G
ratio, Poisson’s ratio (v), and Cauchy pressure (C12-C44). The alloy exhibits toughness
when it satisfies the conditions B/G > 1.75, v > 0.26, and C12-C44 > 0; otherwise, it exhibits
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brittleness [44]. Higher values of these three parameters indicate greater toughness and
ductility [44].

Table 2. Calculation results of elastic properties of TixNbMoTaW refractory high-entropy alloy.

Phase Reference Cn1 Cio Cy B G E v C1p—Cy BIG A"
This work 371.24 133.63 63.28 212.83 81.65 24499 0.37 70.35 2.61 0.49
NbMoTaW Calculation [33] 425 158 86 247 102 270 0.32 2.42
Calculation [33] 392 158 79 236 92 245 0.33 2.56
Tig s NbMoTW This work 381.37 14357 69.71 22283 86.45 259.38 0.37 73.86 2.58 0.35
Tig sNbMoTaW This work 32415 136.78 7346 199.24 80.97 24293 0.36 63.32 2.46 0.10
Tip 75sNbMoTW This work 389.17 153.57 76.87 23210 91.26 273.78 0.38 76.7 2.54 0.22
TiNbMoTaW This work 334.43 11757 66.87 189.85 81.23 243.71 0.35 50 2.33 0.29
Ti; sNbMoTaW This work 378.17 15345 7141 22835 85.69 257.08 0.37 82.04 2.66 0.25
Ti,NbMoTaW This work 392.46 183.15 64.12 25292 78.10 23431 0.39 119 3.23 0.29

As the Ti content increases, the bulk modulus (B) generally shows an upward trend,
although a slight decrease is observed in the Ti0.5SNbMoTaW and TiNbMoTaW alloys. The
maximum bulk modulus is found in Ti2NbMoTaW, reaching 252.92 GPa, indicating that
the increase in Ti content enhances the alloy’s resistance to volumetric deformation. The
shear modulus (G) exhibits a fluctuating trend; as the Ti content increases, the G value
initially increases, reaching its maximum of 91.26 GPa in Ti0.75NbMoTaW, then decreases
to 81.23 GPa in TiNbMoTaW, before slightly recovering to 85.69 GPa in Til.5NbMoTaW.
The variation in Young’s modulus (E) follows a similar trend to that of the shear modulus,
increasing initially, then decreasing, and finally rising again. Its maximum value occurs
in Ti0.75NbMoTaW, reaching 273.78 GPa. The Pugh ratio increases with the Ti content,
indicating improved ductility as the Ti content rises. The maximum Pugh ratio is found in
Ti2NbMoTaW, reaching 3.23.

As shown in Figure 5, with increasing Ti content, the B/G ratio, Poisson’s ratio (v),
and Cauchy pressure (C12-C44) of TixNbMoTaW high-entropy alloys initially decrease,
then increase, with the minimum and maximum values occurring at x = 0.5 and x = 2,
respectively. Therefore, it can be concluded that adding a small amount of Ti (x < 0.5) to
NbMoTaW may slightly reduce its toughness. However, as the Ti content increases, the
alloy’s toughness improves. At x = 0, the calculated Poisson’s ratio is 0.35, which is close to
the value of 0.318 reported in the literature [33]. Additionally, at x = 0.75, the alloy not only
shows enhanced toughness but also achieves the highest Young’s modulus.

The elastic anisotropy index (AY) reflects the degree of anisotropy in the alloy. A
lower AY value indicates that the alloy exhibits less anisotropy, while a higher AY value
suggests greater anisotropy. When AY = 0, the crystal is isotropic, and the greater the
deviation of AY from 0, the stronger the anisotropy of the material. As shown in Table 2,
for TixNbMoTaW high-entropy alloys, when the Ti molar fraction x = 0.5, the AY coefficient
is closest to 0, indicating that the alloy exhibits maximum isotropy.
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Figure 5. Elastic modulus of TixNbMoTaW high-entropy alloy with different Ti content.

3.1.3. Electronic Structure

Figure 6 illustrates the density of states (DOS) for TixNbMoTaW alloys. The DOS
curve remains continuous at the Fermi level (0 eV), with a high density of states, indicating
a significant presence of free electrons at the Fermi level, thus exhibiting a distinct metallic
characteristic for this alloy system. The lower the electron density at the Fermi level, the
more stable the structure is considered to be [45], whereas a higher density of states at this
level suggests bonding instability in the system [46]. As shown in Figure 6, the peak DOS
below the Fermi level in TixNbMoTaW RHEAs shifts towards higher energy levels as the
Ti content in the system increases. In Figure 6, the DOS at the Fermi level first decreases
and then continuously increases with increasing Ti content. Therefore, the addition of Ti
reduces the structural stability of TixNbMoTaW RHEAs.

The pseudogap in the DOS reflects the covalent character of bonding in the system [47];
a wider pseudogap indicates stronger covalent bonding. In Figure 6, the pseudogap
narrows with increasing Ti content, suggesting a decrease in covalent bonding character,
an enhancement in metallic bonding, and an improvement in toughness. The higher the
electron density, the easier it is to form metallic bonds, which can improve alloy brittleness
and enhance toughness [48]. As shown in Figure 6, the electron density near the Fermi
level is lowest for x = 0.25 and also lower for x = 0.5 than for x = 0. For x > 0.5, andthe
DOS increases with higher Ti content. Thus, adding 0.25 and 0.5 molar fractions of Ti to
NbMoTaW alloys may actually decrease toughness, while further increases in Ti content
would enhance toughness, consistent with the influence of Ti content on alloy brittleness
and toughness as indicated by parameters B/G, Poisson’s ratio (v), and the Cauchy pressure

(C12~Cuya).
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Figure 6. Density of states of TixNbMoTaW system high-entropy alloys with different Ti contents.

3.2. Experimental Results
3.2.1. Microstructure

To verify the conclusion of a body-centered cubic (BCC) solid solution structure, this
section analyzes the microstructure of the alloy through experimental characterization.
X-ray diffraction (XRD) was employed to study the TixNbMoTaW refractory high-entropy
alloys (HEAs). Figure 7 presents the XRD patterns of the as-cast TixNbMoTaW HEAs. It
can be observed that all seven HEAs exhibit a single BCC phase structure, confirming that
the experimental results are consistent with the predictions made in the above based on
phase formation criteria.

As shown in the figure, all seven high-entropy alloys exhibit four diffraction peaks.
The diffraction peaks of the NbMoTaW high-entropy alloy without Ti addition are relatively
stronger, with the diffraction peaks at Miller indices of (110) and (200) being significantly
more intense than those of the other alloys containing Ti. With the addition of Ti, the
diffraction peaks show a tendency to become less pronounced. According to the lattice
distortion theory for high-entropy alloys proposed by Yeh J. W. et al. [49], the atomic radius
of Ti differs from that of the other elements. The addition of Ti leads to an increase in
lattice distortion within the alloy. When subjected to X-ray diffraction, the uneven Bragg
planes cause the X-rays to scatter to varying degrees, resulting in a reduction in diffraction
intensity and a lowering of the diffraction peaks.

Generally, in XRD patterns, sharper and more intense diffraction peaks indicate a
higher crystalline phase fraction and a greater volume proportion of the corresponding
crystal structure in the alloy. The analysis of the as-cast TixNbMoTaW alloy XRD patterns
in Figure 7 reveals a trend of decreasing stability in the BCC structure as the Ti content
increases, suggesting a tendency toward destabilization of the BCC phase. This observation
aligns with the predictions based on phase formation parameters and the first-principles
calculations on structural stability.
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Figure 7. X-ray diffraction patterns of TiyNbMoTaW high-entropy alloys in the as-cast state.

Figure 8 presents the backscattered electron (BSE) images of the as-cast TixNbMoTaW
refractory high-entropy alloys (HEAs). It can be observed that all the as-cast TixNbMoTaW
HEAs exhibit a dendritic structure, and as the Ti content increases, the dendritic structure
becomes increasingly dense. The dendritic regions appear darker, while the inter-dendritic
areas are brighter. When the Ti molar fractions are 1 and 1.5, there is a noticeable trend of
bulging in the dendritic regions, and the surface of the microstructure appears uneven.

Based on the relationship between contrast in backscattered images and atomic num-
ber, elements with a higher atomic number generate stronger backscattered electron signals,
resulting in a brighter image, while elements with a lower atomic number appear darker.
The TixNbMoTaW high-entropy alloys are single-phase BCC solid solutions with no sec-
ondary phases present. It can be inferred that different degrees of elemental segregation
exist in the seven alloys, with the lower-atomic-number elements, such as Ti, Nb, and
Mo, likely concentrating in the darker dendritic regions, while the higher-atomic-number
elements, like W and Ta, are likely enriched in the brighter inter-dendritic areas.

The dendritic structure in the alloy consists of dendritic (DR) and interdendritic (ID)
regions. The formation of dendrites in TixNbMoTaW high-entropy alloys results from
differences in the physical and chemical properties of the elements. During solidification,
certain elements become enriched in the dendritic arms, while others concentrate in the
interdendritic regions, leading to compositional segregation. To better visualize the de-
gree of segregation, energy-dispersive spectroscopy (EDS) was performed on the seven
TixNbMoTaW alloys using scanning electron microscopy (SEM). The analysis included
both area and point scans, with the average composition of each element determined from
the area scan. Point scans were conducted on five random points in both dendritic and
interdendritic regions, excluding the highest and lowest values to determine the specific
elemental composition of these regions.
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Figure 8. Backscattered electron image of as-cast TixNbMoTaW high-entropy alloys: (a) NbMoTaW,
(b) Tipo5NbMoTaW, (c) Tip sNbMoTaW, (d) Tip7;sNbMoTaW, (e) TiNbMoTaW, (f) Ti; sNbMoTaW,
(g) TipNbMoTaW.

Figure 9 shows the scanning backscattered electron (BSE) images and energy-
dispersive spectroscopy (EDS) maps of the seven TixNbMoTaW high-entropy alloys. It
can be observed that when the Ti molar fraction in the alloy is greater than or equal to
0.75, the contrast in the EDS maps becomes more distinct. Taking the Tip7sNbMoTaW
high-entropy alloy as an example, it is clearly seen that Ti, Nb, and Mo are enriched in
the dendritic regions, which appear brighter with more pronounced contrast. In contrast,
the interdendritic regions are enriched with Ta and W, and these areas appear darker
with lower contrast. By comparing the melting points and atomic masses of the elements
in the alloy, it is found that during non-equilibrium solidification, heavy elements with
higher melting points and atomic masses, such as W and Ta, tend to accumulate in the
interdendritic regions, while lighter elements with lower melting points and smaller atomic
masses, such as Ti, Nb, and Mo, are more likely to concentrate in the dendritic regions.

Figure 10 shows the compositional distribution of elements in the dendritic (DR) and
interdendritic (ID) regions of the TixNbMoTaW high-entropy alloys. It can be observed
that in the dendritic (DR) region, the composition curves of Nb and Mo are higher than
those of W and Ta, while in the interdendritic (ID) region, the composition curves of Ta
and W consistently lie above those of Nb and Mo. Additionally, the composition curve of
Ti reveals that in the dendritic (DR) region, the Ti content increases significantly, reaching
approximately 50 at% when x = 2, while in the interdendritic (ID) region, the maximum
Ti content does not exceed 25 at%. Therefore, Figure 10 visually represents the elemental
segregation trends observed in TixNbMoTaW refractory high-entropy alloys.
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Figure 9. Scanning backscattered electron (SEM) map and energy spectrum of each element (EDS) for
TixNbMoTaW high-entropy alloys in cast state.
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Figure 10. Compositional distribution of each element of Ti\NbMoTaW high-entropy alloys in
dendritic (DR) (a) and intergranular (ID) regions (b).

Table 3 presents the nominal and actual compositions of each element in the as-cast
TixNbMoTaW refractory high-entropy alloys, along with the elemental distribution statistics
in the dendritic (DR) and interdendritic (ID) regions. Based on Figures 10 and 11, the
compositional segregation trends of the elements in the alloy can be qualitatively analyzed,
while Table 3 allows for a quantitative analysis of the degree of segregation for each element.
From the data, it can be seen that the actual compositions of the elements in the alloy slightly
differ from the nominal compositions, which is due to inevitable losses such as spattering
and volatilization during the melting process. The data analysis reveals that the segregation
of Ti and W is the most pronounced in the alloy. Ti is significantly enriched in the dendritic
regions, while W is predominantly concentrated in the interdendritic regions.
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Figure 11. Engineering stress—strain curves for room-temperature compression of refractory high-
entropy alloys of the TiyNbMoTaW system in cast temper.

The elements Nb and Ta also exhibit some degree of segregation, but compared to
Ti and W, they show relatively better uniformity during the alloy solidification process.
Lastly, the Mo element shows some degree of segregation only in the NbMoTaW and
TipsNbMoTaw alloys. However, as the Ti content increases, the composition of Mo in both

142



Coatings 2025, 15, 120

the dendritic and interdendritic regions, as well as its nominal and actual compositions,
become very similar. This indicates that in equimolar or nearly equimolar TixNbMoTaW
high-entropy alloys, Mo has the best solubility. Comparing the EDS maps of the five
elements in Figure 9, it can also be observed that the contrast for Mo is the least pronounced,
with the boundaries between light and dark areas in the image being more blurred. This
further confirms that, compared to the other four elements, Mo has better solubility in
TixNbMoTaW high-entropy alloys.

Table 3. Compositional distribution of elements in cast TixNbMoTaW high-entropy alloys.

High-Entropy Alloy Ti Nb Mo Ta W
Nominal Composition 0 25.00 25.00 25.00 25.00
Actual Composition 0 24.39 25.70 24.74 25.17
NbMoTaw Dendritic Region (DR) 0 46.83 19.80 25.35 8.02
Interdendritic Region (ID) 0 21.87 24.84 25.51 27.79
Nominal Composition 5.88 23.53 23.53 23.53 23.53
Actual Composition 4.57 22.95 23.81 23.30 25.37
Tip 25sNbMoTaw Dendritic Region (DR) 10.52 32.42 26.60 18.75 11.71
Interdendritic Region (ID) 3.31 20.33 22.82 24.38 29.16
Nominal Composition 11.11 22.22 22.22 22.22 2222
Actual Composition 9.22 22.16 23.04 22.72 22.86
Tig5sNbMoTaw Dendritic Region (DR) 21.80 28.55 22.82 16.30 10.52
Interdendritic Region (ID) 6.35 20.28 22.14 24.28 26.95
Nominal Composition 15.79 21.05 21.05 21.05 21.05
Actual Composition 15.10 20.63 21.67 21.20 21.40
Tip 7sNbMoTaw Dendritic Region (DR) 23.81 25.04 22.20 16.83 12.12
Interdendritic Region (ID) 8.47 17.14 20.91 2415 29.33
Nominal Composition 20.00 20.00 20.00 20.00 20.00
Actual Composition 18.37 19.87 20.32 20.43 21.01
Ti;NbMoTaw Dendritic Region (DR) 28.84 22.66 20.65 15.72 12.13
Interdendritic Region (ID) 12.02 17.66 20.06 22.89 27.37
Nominal Composition 27.27 18.18 18.18 18.18 18.18
Actual Composition 26.78 18.09 18.29 18.63 18.22
Ti; sNbMoTaw Dendritic Region (DR) 33.17 19.46 18.66 15.51 13.21
Interdendritic Region (ID) 15.59 15.59 18.14 22.71 27.97
Nominal Composition 33.33 16.66 16.66 16.66 16.66
i Actual Composition 31.37 16.41 16.92 17.59 17.72
Ti,NbMoTaw Dendritic Region (DR) 48.33 17.54 15.77 10.90 7.46
Interdendritic Region (ID) 22.18 15.65 1791 20.97 23.30

3.2.2. Room-Temperature Compression

Figure 11 presents the engineering stress—strain curves of the TixNbMoTaW refractory
high-entropy alloys (HEAs) under quasi-static compression at room temperature (25 °C).
The strain rate for the uniaxial compression test is set to 5 x 10~* s~!, and Figure 12
illustrates the compressive plastic strain for each of the seven refractory HEAs. Table 4
summarizes the experimentally measured values for the yield strength, fracture strength,
and plastic strain of the TixNbMoTaW HEAs at room temperature.

As shown in Figure 12, along with Table 4, the NbMoTaW HEA exhibits high yield
strength, albeit with limited plasticity, with a plastic strain of only 3.8% at room temper-
ature. This finding corroborates the limitations previously noted in Section 1 regarding
the NbMoTaW HEA. With increasing Ti content, a slight decrease in alloy yield strength is
observed; however, when x > 0.5, both the fracture strength and plastic strain are signifi-
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cantly enhanced. Specifically, Ti0.5NbMoTaW exhibits the lowest values for yield strength,
fracture strength, and plastic strain among the tested alloys. At a Ti molar fraction of
0.75, the alloy achieves a maximum yield strength of 1551 MPa, a relatively high fracture
strength of 1856 MPa, and a substantially improved plastic strain of 14.6%.
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Figure 12. Plastic strain in room-temperature compression of refractory high-entropy alloys of the
TixNbMoTaW system in cast temper.

Table 4. Yield strength, fracture strength, and plastic strain of TiyNbMoTaW high-entropy alloys at
room temperature.

High-Entrop Yield Strength Fracture Strength . .
& Alloys y (MPa) & (MPa) & Plastic Strain

NbMoTaW 1510 1558 3.8%
Tig s NbMoTaW 1443 1605 7.5%
TigsNbMoTaW 1430 1470 4.3%
Tip7sNbMoTaW 1551 1856 14.6%
TiNbMoTaW 1467 1636 9.4%
Ti; sNbMoTaW 1506 1893 17.3%
TiNbMoTaW 1470 1797 17.1%

When the Ti molar fraction is increased to 1, resulting in an equimolar HEA, the
yield strength, fracture strength, and plastic strain of the alloy decrease compared to those
of Tip7sNbMoTaW. For Ti contents greater than 1, however, both the yield and fracture
strengths of the alloy increase, with a significant improvement in plasticity, as the plastic
strain rises from 9.4% at x = 1 to 17.3% and 17.1% at higher Ti contents. The experimental
results are consistent with the predictions made in the previous section based on phase
formation criteria.

The figures show that as strain increases, the work-hardening rate gradually decreases,
which is attributed to the accumulation and interaction of dislocations, leading to increased
resistance to dislocation motion. For the Ti = 0 curve, during the elastic stage, the yield
stress increases linearly with strain until approximately 10%, after which work hardening
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begins and the hardening rate gradually slows down as strain increases. When comparing
alloys with different Ti contents, Ti = 0.25 exhibits higher stress at the same strain, as the
increased Ti content enhances the resistance to dislocation motion. In the case of Ti = 2,
due to the significantly higher Ti content, the stress growth rate at lower strains is much
greater than for Ti = 0 and Ti = 0.25. This indicates that Ti promotes rapid dislocation
accumulation in the early stages of plastic deformation, leading to the formation of more
complex dislocation structures and enhancing the material’s work-hardening ability. As
Ti content increases, the alloy not only exhibits higher stress at the same strain but also
accelerates the work-hardening rate in the early stages, suggesting that high-Ti alloys can
achieve higher strength more quickly through work hardening during processing.

4. Conclusions

This study addresses the issue of significant room-temperature brittleness in existing
NbMoTaW refractory high-entropy alloys (HEAs) by combining first-principles calcula-
tions with experimental testing. A series of TixNbMoTaW HEAs (x =0, 0.25, 0.5, 0.75, 1,
1.5, 2) was designed and developed to investigate the phase formation and mechanical
properties. The influence of Ti content on the mechanical properties, particularly plasticity,
was systematically studied. The main conclusions are as follows:

(1) The first-principles calculations reveal that TixNbMoTaW alloys exhibit a disordered
solid solution phase with a BCC structure. Increasing Ti content lowers the VEC
values, enhancing the alloy’s toughness and ductility, and favors the formation of the
BCC structure.

(2) The bulk modulus (B) increases with Ti content, improving resistance to volumetric
deformation. The shear modulus (G) and Young’s modulus (E) initially rise, then
decrease, before increasing again. Toughness parameters such as the B/G ratio,
Poisson’s ratio (v), and Cauchy pressure (C12-C44) improve significantly when the
Ti content exceeds 0.75, indicating enhanced plasticity. The density of states analysis
shows that increased Ti strengthens metallic bonding and weakens covalent bonding,
further confirming improved toughness.

(3) X-ray diffraction (XRD) confirms that all alloys exhibit a single BCC phase, with Ti
content reducing BCC stability. The backscattered electron (BSE) images show that
the dendritic structure becomes denser with increasing Ti, accompanied by elemental
segregation, with Ti and W most prominently segregated.

(4) In quasi-static compression tests at room temperature, the NbMoTaW alloy shows
high yield strength but poor plasticity (3.8% strain). As the Ti content increases, yield
strength slightly decreases, but fracture strength and plasticity significantly improve
when Ti exceeds 0.5.
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Abstract: Epoxy resin is regarded as a reliable option for coating advanced materials
owing to its outstanding strength, adhesion, and stability. However, its relatively weak
toughness compared to common materials has limited its application. In this study, the
toughness of epoxy resin was enhanced by incorporating bamboo fibers, and a novel poly-
mer coating material for bamboo-fiber-reinforced epoxy resin was developed. Different
fiber pretreatment methods were employed to address the issue of poor interfacial perfor-
mance between bamboo fibers and epoxy resin, aiming to optimize its performance as an
advanced material coating. The effects of curing agents, fiber mesh sizes, fiber contents,
and fiber pretreatment methods on the mechanical properties of the fiber-modified resin
composites were investigated. The findings indicate that the JH45 and T31 curing agents
were more effective in promoting the homogeneous dispersion of fibers within the epoxy
resin. Additionally, bamboo fibers modified with KH550 exhibited enhanced interfacial
properties: the tensile strength of the composite demonstrated a respective increase of 31.1%
and 27.0% compared to untreated fibers. Increasing the mesh size proved advantageous
for improving tensile properties, albeit potentially impacting the compressive properties.
Particularly noteworthy was the significantly enhanced interfacial compatibility between
bamboo fibers treated with the silane coupling agent KH550 and the epoxy resin. Analysis
using Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM),
and X-ray diffraction (XRD) revealed that treating bamboo fibers with sodium hydroxide
effectively enhanced bonding at the fiber-resin interface. This enhancement was attributed
to the combined effects of bamboo fiber hydrolysis and delamination reactions. The silane
coupling agent promoted the chemical reaction between bamboo fibers and epoxy resin
through grafting, thereby strengthening the cross-linking property of the composites. These
findings offer valuable insights into the design and fabrication of natural-fiber-reinforced
polymer composites suitable for coating advanced materials.

Keywords: natural fiber; epoxy resin; polymer; electronic packaging; coating

1. Introduction

With the increasing precision of circuit component protection in the field of electronic
packaging, fiber-reinforced epoxy polymer composites (FRPs) can effectively protect elec-
tronic components from external physical shocks and vibrations due to their excellent
mechanical properties and chemical resistance and good adhesive properties, avoiding
damage to the internal structures of the components. As an excellent coating material,
they are widely used for chip encapsulation, the protection of sensitive components, and
structural protection in aerospace engineering [1-5]. Among fiber-reinforced epoxy resin
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materials, inorganic synthetic fibers, such as glass fibers and carbon fibers, have limited
applications due to their high cost and adverse effects on the environment, despite having
significant advantages in terms of improving the strength and stiffness of composites [6-9].
The brittleness of glass fibers and the electrical conductivity of carbon fibers make them
unsuitable in the field of electronic coatings, especially for protection against electromag-
netic interference or cost-sensitive applications. In contrast, bamboo fiber, as a natural
plant fiber [10], not only possesses good mechanical properties and a high specific surface
area [11] but also has the advantages of natural abundance and environmental degradabil-
ity. Combining bamboo fiber with epoxy resin can not only effectively improve the crack
resistance, toughness, and durability of composites but also reduce the brittleness of epoxy
resin [12,13], thus expanding the scope of its application in coating materials.

However, poor interfacial compatibility between fibers and epoxy resins is a key
bottleneck limiting the performance of composites [14]. Dong [15] analyzed the effect of
fiber interfacial roughness on polymer cross-linking properties. Yazman [16] added multi-
walled carbon nanotubes (MWCNTs) and alumina (Al,O3) nanoparticles (NPs) to improve
the epoxy surface, Prasanthi [17] nano-strengthened carbon fibers, and Kim [18] improved
the fiber surface to improve the overall mechanical properties through covalent bonding and
introducing silica, among other ways. While bamboo fibers are a natural organic material,
their surface contains a large amount of hydrophilic and phenolic hydroxyls [19], and as
the surface of the epoxy resin is hydrophobic, this hydrophilic-hydrophobic mismatch
leads to poor interfacial bonding between the two, which, in turn, affects the mechanical
properties and durability of the composites. To solve this problem, many researchers
adopted fiber surface modification techniques: Huang [20] et al. treated the fiber surface
via alkali immersion and used resin transfer molding (RTM), Ding [21] investigated the
effect of different oxidation systems on the surface of bamboo fibers, Bai [22] used a fiber
wetting agent to increase the tensile strength by 99.7%, and Wang [23], as well as Li [24],
used silane modification and nanosilica filling to improve the interfacial adhesion between
fibers and epoxy resin, thus optimizing the properties of the composites.

Most current research focuses on the application of larger-diameter bamboo fibers [25-27],
which perform well in improving the mechanical properties and crack resistance of com-
posites. However, in practical encapsulation engineering, large-size fibers cannot uniformly
fill tiny gaps and spaces, which can affect the electrical performance of the encapsulation
and affect signal transmission, especially for miniaturized and highly integrated electronic
components at the micrometer level [28,29], where the required fiber sizes tend to be smaller.
During the high-precision electronic encapsulation process, the size, dispersion, and treat-
ment of fibers significantly impact the material’s properties, such as its fluidity, curing time,
and interfacial bonding [30]. The compatibility between fillers and epoxy resins is a crucial
factor influencing material properties [31]. Finer bamboo powder fibers can achieve better
integration with the epoxy resin matrix and preserve the original fibers” properties [32].
Their increased specific surface area due to the smaller fiber diameter facilitates improved
interactions with epoxy resin-based materials, making them ideal for coating and filling
fine voids. The aim of this study is to investigate how to improve the interfacial compat-
ibility between bamboo fibers and epoxy resin through different chemical modification
treatments of bamboo powder; to introduce a silane coupling agent to strengthen the
interfacial properties between the fibers and epoxy [33]; and to regulate the curing agent,
fiber mesh size, fiber content, etc., to prepare a composite coating material with excellent
performance in electronic encapsulation. Considering the unique requirements for the
curing temperature, setting time, fluidity, and fiber size of the material, particularly in
encapsulation engineering, this study will conduct in-depth analysis in this area to promote
the application of epoxy resin matrix composites in electronic engineering coatings.
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2. Materials and Methods
2.1. Materials

In this study, considering the fillability of the grouting material for voids and in-
homogeneous areas within the electronic package structure, it is noted that excessively
large fiber fillers may affect packaging performance, while the morphology of bamboo
fibers with small diameters would be weakened. Bamboo powder with different particle
sizes was used as a natural-fiber-reinforced polymer, specifically 100, 200, 300, and 500-
mesh bamboo powder. The raw material was from Guangdong moso bamboo fibers. The
base material for the epoxy resin (E51) is an ordinary bisphenol A-type liquid product
produced by Hangzhou Wuhuigang Adhesive Co., Ltd., with an epoxy equivalence of
185-200 g/eq and an epoxy value of 0.48-0.54 eq/mg. To compare the performance of
the grouting material, four specific curing agents were selected, all of which are produced
by Hangzhou Wuhuigang Adhesive Co., Ltd. These curing agents are T31, JH45, JH593,
and 650 polyamide. (a) The T31 epoxy resin curing agent is a phenol-formaldehyde amine
compound containing hydroxyl, amine, and secondary groups as well as other reactive
groups. (b) The JH593 epoxy resin curing agent is a low-viscosity curing agent synthesized
by the reaction between epoxy compounds and fatty amines. (c) JH-45 is a new, excellent
epoxy resin curing agent containing special amines and phenol, formaldehyde, etc. It
is modified via the Mannich condensation reaction. The molecular structure contains
phenol hydroxyl (-OH), primary amine (-NHj), and secondary amine (-NH-) condensates.
(d) The 650 polyamide resin curing agent is a class of polymer compound obtained by
the reaction of diamine and dibasic acid. Additionally, during the treatment of bamboo
fibers, NaOH (1 mol/L) was used as an alkaline treatment to remove impurities from the
fiber surface. The silane coupling agent KH550 (y-aminopropyltriethoxysilane; density,
0.946 g/cm?; boiling point, 217 °C; and purity, >97%) was used to improve the surface
properties of the fibers. Anhydrous ethanol (99.7%) was employed to hydrolyze KH550,
and nano-5i0O; powder modified with KH550 (particle size, 20 nm; purity, 99 wt%) was
used to further enhance the surface properties of the fibers.

2.2. Preparation of Bamboo-Fiber-Modified Epoxy Resin

Generally speaking, epoxy resin has a hydrophobic surface, while natural plant fibers
contain a large number of free hydroxyl and phenolic hydroxyl groups, which exhibit
strong hydrophilic properties. This leads to poor interfacial compatibility between the
two and significantly affects the properties of composites. Chemically modifying the sur-
face of natural plant fibers can effectively improve their interfacial compatibility with epoxy
resin. Four differently modified types of bamboo powder fibers were generated according
to different treatments, as shown in Figure 1: (a) untreated fiber (BF); (b) NaOH-treated
fiber (N-BF), for which dry bamboo fibers were placed in a 5% NaOH solution, magnet-
ically stirred (SN-MS-1, Lichen Bangxi Instrument (Changzhou) Co., Ltd., Changzhou,
China) at room temperature for 6 h, and then washed with deionized water to neutralize
them and dried at 80 °C to obtain alkali-treated bamboo fibers; (c¢) KH550-treated fibers
(KH550-BF), a 5% silane coupling agent solution, using an ethanol solution (mass ratio of
anhydrous ethanol to water = 9:1) as the solvent, was prepared by stirring continuously for
1 h to achieve complete hydrolyzation, and then, alkali-treated bamboo fibers (5%) were
added, and the solution was stirred magnetically at 60-80 °C for 4 h, filtered, and dried
at 60-80 °C to obtain silane coupling agent-modified bamboo fiber; (d) nano-SiO,-treated
fibers (S5iO,-BF) [34], which were obtained by adding 3% KH550 surface-modified silica
nanopowder during the magnetic stirring stage in (c).
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Figure 1. Methods of making bamboo-epoxy-resin-based materials with different treatments.

To investigate the various bamboo—epoxy resin natural polymer grouting materials
employed in electronic packaging, four key factors were examined: curing agent, fiber
mesh count, fiber content, and fiber treatment technique. Four variations in these factors
were studied, as outlined in Table 1, to fabricate samples and assess these factors’ influence
on the overall material characteristics.

Table 1. Variables of bamboo—-epoxy-resin-based materials.

Curing Agent Fiber Content Mesh Number of Fibers Fiber Handling

JH45 5% 100-mesh (a)
JH593 10% 200-mesh (b)

T31 15% 300-mesh (c)

650 polyamide 20% 500-mesh (d)

2.3. Performance Testing
2.3.1. Gel Time

Gel time was tested using the inverted cup method, where the surface of the mixture
did not show any obvious flow or collapse within 5 s. A physical probe (PA125, Shenzhen
Huarong fa electronic testing Co., Ltd., Shenzhen, China) was also used to measure the gel
state of the epoxy resin, and the difficulty of probe insertion was increased to the point
where it could not easily penetrate the mixture to determine the gel time.

2.3.2. Viscosity

The viscosity and operation time of the composites under different curing agents
were recorded by using an NDJ-1-type rotational viscometer (Lichen Bangxi Instrument
(Changzhou) Co., Ltd., Changzhou, China). The epoxy resin must meet specific viscos-
ity criteria to ensure smooth flow during electronic packaging. A viscosity exceeding
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R75

1000 mPa-s would hinder the efficient dispensing of the slurry onto electronic components.
Hence, the moment when viscosity hits 1000 mPa-s is considered the operation time.

2.3.3. Mechanical Properties

According to the GB/T 2567-2021 standard [35], tensile and compressive specimens
were created using a universal material testing machine CMT-410 (Shenzhen new think
material testing Co., Ltd., Shenzhen, China) (Figure 2) to test the effect of fiber reinforcement
on the composite material. The test parameters were a loading rate of 2 mm/min and
a sensor load range of 1 kN. The effect of different fiber modification treatments on the
performance of epoxy resin-based composites was analyzed to optimize the resin formula
and the processing technology.

o

|
Ly : i \_l

(a) (b) (c)

Figure 2. GB/T 2567-2021 compressive and tensile test block standard: (a) tensile test block;
(b) compressive test block; and (c) actual test block.

2.4. Microproperty Characterization
2.4.1. Infrared Spectroscopy (FTIR)

Fourier infrared spectra of different modified fibers were recorded by using a Thermo
Fisher Scientific Nicolet i520 spectrometer (Thermo Fisher Scientific, Waltham, MA, USA),
Fifty milligrams were placed in a mold and kept at a pressure of 20 MPa using a hydraulic
press. The test parameters were a spectral range of 400-4000 cm !, a resolution of 4 cm 1,
and a scanning number of 32 to further analyze the surface functional groups of bamboo

fibers before and after modification.

2.4.2. X-Ray Diffraction (XRD)

XRD analysis of the composite samples was carried out by using a Rigaku Ultima IV
(Rigaku Corporation, Tokyo, Japan) from Japan to determine the major element contents
on the surface of the bamboo fibers before and after modification. The test parameters were
Cu targets, a tube voltage of 40 kV, a tube current of 40 mA, and a scanning angle of 5-40°.

2.4.3. Scanning Electron Microscopy (SEM)

SEM was performed by using a Hitachi SUI5IO scanning electron microscope (Hitachi
Production Co., Ltd., Tokyo, Japan), and the dried samples were coated on or adhered to a
tape of about 0.5 cm X 0.5 cm and metal-sprayed for 15 min. The microscopic morphology
of the surface of the bamboo fibers and the cross-section of the bamboo-fiber-reinforced
epoxy composites before and after modification were observed to assess the interfacial
bond strength of the fibers and the resin.
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3. Results

3.1. Microscopic Characterization Under Different Fiber Treatments
3.1.1. Scanning Electron Microscopy Analysis

SEM images of the surface of bamboo fibers before and after modification are shown
in Figure 3. As shown by comparisons with the untreated bamboo fibers, the impurities
and non-cellulosic substances on the fiber surface were removed by treating the natural
bamboo powder with sodium hydroxide, which enhanced the surface roughness of the
fibers and thus improved the affinity of the fibers and the resin bonding. As for the
silane coupling agent-treated bamboo fibers, the surface roughness was further enhanced
and some particles were adhered to the fiber surface, which showed an obvious layered
structure. In contrast, the roughness of SiO,-treated fibers was not significantly enhanced,
although particles were adhered to the surface.

Figure 3. SEM images of the bamboo fiber surface before and after modification. (a) BF; (b) N-BF;
(c) KH550-BF; and (d) SiO,-BF.

Figure 4 shows the SEM images of bamboo—epoxy resin matrix composite sections.
Observing the bamboo-fiber-reinforced epoxy resin composite cross-section, the untreated
bamboo fibers did not produce an actual connection with the epoxy resin due to the
presence of interfacial repulsion. By treating the bamboo fibers with sodium hydroxide and
KH550, due to the enhancement of roughness and the improvement of surface hydroxyl
groups, polymerization of the epoxy resin matrix composites improved. A large amount of
epoxy resin was cross-linked in the cross-section, which improves the affinity of the fibers
and the bonding force of the resin.
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Figure 4. SEM images of bamboo—epoxy resin matrix composite sections. (a) BF; (b) N-BF;
(c) KH550-BF; and (d) SiO,-BE.

3.1.2. Analysis of Functional Groups Under Different Fiber Treatments

The IR spectra of bamboo fibers under different treatments are shown in Figure 5,
and the corresponding characteristic peaks are listed in Table 2. The results of IR spectral

L and

analysis showed that the unmodified fibers had characteristic peaks at 3362 cm ™
2930 cm !, which were related to O-H and C-H stretching vibrations, respectively, in
addition to the characteristic peaks of C=0O, C=C, C-H, and C-O. After sodium hydroxide
treatment, the O-H peak at 3362 cm ! was broadened, and the C=0 peak at 1753 cm !
was red-shifted to 1651 cm ™!, indicating that sodium hydroxide promoted the formation of
inter-fiber hydrogen bonding. The intensity of the C=C vibration at 1590 cm~! was reduced,
and the C-O peak at 1249 cm~! disappeared, which indicated that the alkali treatment
destroyed the fiber skeleton and depolymerized some of the structures. Characteristic Si-O
peaks appeared at 667 and 581 cm ™! in the silane coupling agent-treated fibers, and the
O-H peak at 3362 cm~! and Si-O-Si peak at 1031 cm ™! were enhanced, which indicated
that the silane coupling agent was effectively bonded on the surface of the fibers. After
nanosilica treatment, new characteristic peaks appeared in the low-frequency region, and
the peak intensity at 1110 cm~! increased and the half-peak width narrowed, indicating
that nanosilica modification resulted in a more ordered fiber structure. According to the
chemical formula shown in Figure 6, alkali treatment exposed more hydroxyl groups
and improved the chemical bonding between the fiber and the resin. The interfacial
bonding between the fiber and resin is improved by using a silane coupling agent to form a
chemically bonded layer on the fiber surface. The silane coupling agent KH550 typically
has a hydrophilic group and a chemical group that reacts with the epoxy resin matrix to
effectively bridge the interface between the natural fiber and the epoxy resin.
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Figure 5. Infrared spectra of fibers under different treatments.

Table 2. Characteristic peaks of fibers under different treatments.

Functional
“Groups  O.H C-H c=0 c-C c-0 Si-0
Treatment
BF 3362cm~ ! 2930cm~ ! 1733cm™ ! 1590 cm~! 1249 cm ! -
N-BF 3362cm~! 2930em™! 1651 em™! 1590 em~! 1249 em! -
KH550-BF 3362cm™! 2930 em ! - - 1031 cm ! 667,581 cm™!
SiO,-BF 3362ecm~! 2930 em™! - - 1100 cm ™! 790, 692 cm ™!
E I E i
(a) Efomnu + moH— £ -ONa  + H0
R R R R X
(b) nHjCO_Sli_OCH:j —FH—O—SIi—OH—I‘- —O—Sli—O—SIi—O—Sli—O—
OCH; OH OH OH OH
R R R R R R
| | | | | | R R R
—0-58i-0-5i-0-5i-0— —0-8Si-0-5i-0-5i-0— I I I
OH OH OH OH OH OH —0-%-0-8~0-8i-0—
(C) —_— S Y = _— (0] (0] (0]
?H (I)H ?H ?H ?H ?H i

Bamboo Fiber

Bamboo Fiber
Bamboo Fiber

Figure 6. Reaction formula of bamboo fiber and silane coupling agent treatment under alkali treat-
ment. (a) Reaction formula of bamboo fiber with NaOH; (b) reaction formula of KH550 hydrolysis;

and (c) reaction formula of bamboo fiber with KH550.

3.1.3. Physical Phase Analysis with Different Fiber Treatments

As shown in the XRD plot in Figure 7, the bamboo fibers mainly contain two C
phases, corresponding to the hexagonal phases PDF#50-0927 and PDF#49-0944. After
alkali treatment, the peak attributed to PDF#50-0927 near 26.5° decreases, indicating that
this crystalline surface is actually etched, and the peak near 29.6° is enhanced, indicating
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that it is favorable for this crystalline surface to be exposed. Additionally, the peak near
16.2° is enhanced for graphitic carbon, suggesting that the alkali treatment weakened the
graphitization of bamboo fibers. This treatment mainly changed the surface structure of the
bamboo fiber, reduced the stability of the crystal surface structure, weakened the degree
of graphitization, and improved the flexibility as well as surface affinity of the fibers. For
the bamboo fiber treated with the silane coupling agent, the peak near 26.5° disappeared
and the characteristic graphitic carbon peak near 16.2° weakened. The graphitization
degree was higher, and a sharp peak also appeared near 24.0° due to PDF#50-0927, which
indicated that the increase in C phases promoted an increase in the crystalline phase and
graphitization degree of bamboo fibers. This shows that the silane coupling agent helps to
improve the bonding of the fiber surface with other materials, as well as the performance
of the composites. The nanosilica-treated bamboo fibers were similar to alkali-treated
bamboo fibers, with the characteristic peak near 26.5° disappearing and the graphitic
carbon characteristic peak near 16.2° increasing. This shows that the silane coupling agent’s
main role is to enhance the surface structure of the fiber and make the fiber more ordered.

A _
I Y T Si02-BF

|~ S KH550-BF

N-BF
 C PDF#46.0944
T I
o s
10 20 30 40 50 60 70 80

20(°)
Figure 7. XRD plots of bamboo fiber under different treatments.

3.2. Effect of Curing Agents on the Mechanical Properties of Bamboo—Epoxy-Resin-Based Materials

The curing agent is a key factor in determining the final properties of epoxy resins [36].
An ideal electronic packaging material should possess adequate strength and hardness to
endure mechanical pressure, impact vibration forces, and external forces over extended
periods of use. This endurance is crucial to maintaining the structural stability of the
encapsulated area, ensuring the protection of electronic components and, at the same time,
ensuring that the slurry can fill internal voids and inhomogeneous areas in the electronic
component’s structure and that the viscosity and solidification time are suitable for en-
capsulation. In this study, due to the addition of natural fibers, it is also necessary to
ensure that the natural fibers are uniformly distributed in the epoxy resin matrix. The
compressive strength (Figure 8a) and tensile strength (Figure 8b) of the fiber/epoxy com-
posites cured with the addition of 5% bamboo fibers (100-mesh) with different curing
agents were tested. The compressive strength of the epoxy system based on the T31 curing
agent was 110.7 MPa and the tensile strength was 47.4 Mpa; the compressive strength of
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the epoxy system based on the JH45 curing agent was 90.5 Mpa and the tensile strength
was 35.6 Mpa; the compressive strength of the epoxy system based on the JH593 curing
agent was 73.4 Mpa and the tensile strength was 37.7 Mpa; and the compressive strength of
the epoxy system based on the 650 polyamide curing agent was 17.1 Mpa and the tensile
strength was 51.9 Mpa. High cross-linking densities were still reached after the addition of
bamboo fibers with the use of aliphatic amine curing agents containing amino groups (T31,
JH45, and JH593), and they were able to increase the hardness, strength, and heat resistance
of the resin [37]. Hydroxyl groups can form hydrogen bonds, and this cross-linking mode
usually results in a better toughness of the cured epoxy resin. In contrast, polyacid-based
(low-molecular-weight 650 polyamides) and acid-based curing agents lead to lower cross-
linking densities compared to amine-based curing agents, resulting in resins with a lower
strength but higher toughness.
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Figure 8. Mechanical properties of bamboo—epoxy-resin-based materials with different curing agents.
(a) Compressive strength; (b) tensile strength.
Meanwhile, the viscosity of the mixed slurry obtained from the curing process with
the addition of JH593 and low-molecular-weight 650 polyamide is low, as shown in Table 3,
which is not conducive to the homogeneous distribution of bamboo fibers in the com-
posites. In addition, the operable time of JH593 is short, while the curing time of low-
molecular-weight 650 polyamide at room temperature (25 °C) is too long and the com-
pressive strength after curing is low, which makes it unsuitable for practical packaging
engineering applications.
Table 3. Curing agent properties.
Curine Agent Amine Value Viscosity Solidification Time Operable Time  Ratio of Curing
& 28 (mgKOH/g) (mPa-s) (25 °C, min) (25 °C, min) Agent to E51
JH45 500 £ 20 500 £ 50 40 25 1:3.3
JH593 550 & 50 100 £ 50 20 14 1:4
T31 480 + 20 600 £ 50 120 40 1:3.5
650 polyamide 220 +20 50 £10 1200 90 1:1
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3.3. Effect of Fiber Mesh on the Mechanical Properties of Bamboo—Epoxy-Resin-Based Materials

The effect of fiber mesh on the mechanical properties of the epoxy resin was analyzed
using the same curing agent and uniformly treated fibers. As shown in Figure 9a, at 10%
bamboo fiber content, the compressive strengths of 200, 300, and 500-mesh bamboo fibers
decreased by 1.1%, 0.8%, and 4.4%, respectively, compared with 100-mesh bamboo fibers,
indicating that changing the mesh number in the range of 100-500-mesh has a limited effect
on the overall compressive properties of the composites. However, as shown in Figure 9b,
the 500-mesh bamboo fibers exhibited the highest tensile strength (39.8 MPa) at a content
of 10%, whereas the 200-mesh bamboo fibers had the weakest tensile strength (35.9 Mpa) at
the same content, which is a reduction in tensile properties of 10.8%. This indicates that
with an equal amount of fibers, for higher-mesh bamboo fibers, a larger specific surface
area is in contact with the epoxy resin, and they are able to transfer stress more efficiently.

3.4. Effect of Fiber Content on the Mechanical Properties of Bamboo—Epoxy-Resin-Based Materials

An analysis of the effect of fiber content on the mechanical properties of the epoxy
resin (Figure 9) shows that the compressive strength of the bamboo-epoxy-resin-based
material increases and then decreases with the increase in bamboo fiber content, reaching a
peak at a content of 10%. However, the change in the compressive strength is relatively
small, which suggests that changing the bamboo fiber content in the range of 5%~20%
has a limited influence on the overall compressive properties of the composites. The
tensile strength also increased with the increase in bamboo fiber content, reaching a peak at
10%. This is consistent with the trend in compressive strength, which further verifies the
enhancement of the composites” mechanical properties with the appropriate bamboo fiber
content. This indicates that reasonable fiber content can effectively enhance the performance
of composites with the same mesh number, while too much or too little bamboo powder
particles lead to weakened cross-linking between the fibers and the epoxy resin, which
affects the densification of the material and thus reduces the compressive strength.

41
—H—100 mesh —H—100 mesh
—@—200 mesh 40 | —@®—200 mesh
- —A—300 mesh A 4 —A—300 mesh
—W¥—500 mesh s —WV¥—500 mesh
& n‘: 39 |
L ./”4: .XQ A = A
[ )
£ a7t / >
= / \A
2 36 ®
~
i - / .
s
1 1 1 34 1 1 1 1

n

I o
o~

4no

i6% i5% 26%
Bamboo fiber content

am=0

5% 109%; 15% 20%
Bamboo fiber content

(a) (b)

Figure 9. Mechanical properties of bamboo-epoxy resin-based materials with different fiber contents
and mesh numbers. (a) Compressive strength and (b) tensile strength.

3.5. Effect of Fiber Treatment on the Mechanical Properties of Bamboo—Epoxy-Resin-Based Materials

Four kinds of bamboo powder fibers with different fiber treatment methods were
studied to verify the effect of fiber mesh number on the mechanical properties of composites.
As shown in Figure 10, compared with the untreated fibers in Section 3.3, the tensile strength
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of composites with 10% bamboo fiber content increased by 10.9% to 41.7 MPa when alkali-
treated bamboo powder was used as the curing agent. The tensile strength of composites
with silane coupling agent KH550-treated bamboo powder increased by 31.1% to 49.3 Mpa.
However, the SiO;-treated bamboo powder shows only a weak enhancement in tensile
strength compared to the untreated fibers at 10% and 20% content. When T31 was used
as the curing agent, the tensile strength of composites formed by alkali-treated bamboo
powder increased by 6.4% to 54.7 Mpa compared with untreated fibers, and the tensile
strength of composites formed by the silane coupling agent KH550 increased by 27.0% to
65.3 Mpa, while the tensile strength of bamboo powder treated by SiO, generally decreased.
The results show that the surface roughness of alkali-treated bamboo powder increased
the contact area with the epoxy resin matrix and the silane coupling agent enhanced the
surface roughness of bamboo powder and grafted epoxy resin, both of which enhanced the
degree of cross-linking between fiber and epoxy resin.
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Figure 10. Tensile strength of bamboo—-epoxy-resin-based materials with different fiber treatments.
(a) JH45 curing agent; (b) T31 curing agent.

4. Conclusions

In this study on the development of environmentally friendly epoxy resin encapsula-
tion coatings, bamboo powder fibers with different chemical modifications, achieved using
different curing agents, fiber webs, and fiber contents, were investigated. The conclusions
of this study are summarized as follows: (1) Selecting a curing agent is of great significance
to electronic encapsulation engineering, and JH45 and T31 can ensure the uniform distribu-
tion of bamboo fibers in natural polymer composites as well as infer excellent mechanical
and encapsulation properties. (2) The mesh number and fiber content of bamboo powder
also affect the performance of composites. Bamboo fibers with a mesh of 500 improved
the tensile properties by 10.8%, whereas a bamboo fiber content of 10% resulted in the
best tensile properties. (3) The basic mechanical properties of the bamboo fibers under
different treatments were tested, and the surface functional groups, material composi-
tion, and micro-morphology of the fibers were analyzed using Fourier-transform infrared
spectroscopy, X-ray diffraction, and scanning electron microscopy. Alkali treatment could
expose more hydroxyl groups in natural bamboo fibers, increase the surface roughness,
and effectively improve the tensile strength by 10.9% compared to the composite material
formed by untreated bamboo fibers combined with epoxy resin. Silane coupling agents
can form chemical groups while altering the surface roughness of bamboo fibers, and
by attaching tiny particles to the epoxy resin matrix for a chemical reaction, they also
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significantly enhance the cross-linking effect between bamboo fibers and epoxy resin. The
obtained composite material shows a 31.1% increase in tensile strength compared to the
composite with untreated fibers. In conclusion, bamboo powder, as a green material, shows
great potential in encapsulated coating applications. This study solved the key problem of
poor interfacial bonding between the polymer matrix and bamboo fibers, providing new
insights and paving the way for the development of new high-performance polymer/fiber
composite coatings.

Author Contributions: Conceptualization, B.Z.; methodology, ] M.; validation, ].M. and K.H.; formal
analysis, ].M. and K.H.; investigation, B.Z. and K.H.; data curation, ].M. and K.H.; writing—original
draft preparation, B.Z. and K.H.; writing—review and editing, ].M. and K.H.; funding acquisition,
B.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (grant
number: 42477185), the Zhejiang Provincial Natural Science Foundation of China (grant number:
LQN25E080017), the Zhejiang Provincial Department of Education Research Project (grant number:
Y202351878), the Zhejiang University of Science and Technology Youth Science Foundation Project
(grant number: 2023QN087), the Zhejiang Province University Students Science and Technology Inno-
vation Program (grant number: 0201310P28), and the Zhejiang University of Science and Technology
Graduate Research and Innovation Fund (grant number: 2023yjskc10).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors acknowledge the School of Civil Engineering, Zhejiang University
of Science and Technology and Zhejiang-Singapore Joint Laboratory for Urban Renewal and Future
City for the experimental space provided.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Alim, M.A.; Abdullah, M.Z.; Aziz, M.S.A.; Kamarudin, R.; Gunnasegaran, P. Recent advances on thermally conductive adhesive
in electronic packaging: A review. Polymers 2021, 13, 3337. [CrossRef] [PubMed]

2. Aparna, A.; Sethulekshmi, A.S.; Saritha, A.; Joseph, K. Recent advances in superhydrophobic epoxy based nanocomposite
coatings and their applications. Prog. Org. Coat. 2022, 166, 106819. [CrossRef]

3. Zhao, Y,; Xu, R;; Xiao, Y.; Wang, H.; Zhang, W.; Zhang, G. Mechanical performances of phenolic modified epoxy resins at room
and high temperatures. Coatings 2022, 12, 643. [CrossRef]

4. Sanchez, W.A.L; Li, J.; Chiu, H.; Cheng, C.; Chiou, K; Lee, T.; Chiu, C.W. Highly thermally conductive epoxy composites with
aln/bn hybrid filler as underfill encapsulation material for electronic packaging. Polymers 2022, 14, 2950. [CrossRef] [PubMed]

5. Zhang, F; Zhang, ].; Zhang, K.; Zhong, X.; He, M.; Qiu, H.; Gu, J. Highly thermally conductive liquid crystalline epoxy resin
vitrimers with reconfigurable, shape-memory, photo-thermal, and closed-loop recycling performance. Adv. Sci. 2024, 12, e2410362.
[CrossRef]

6. Ogbonna, V.E; Popoola, A.P,; Popoola, O.M.; Adeosun, S.O. A review on corrosion, mechanical, and electrical properties of glass
fiber-reinforced epoxy composites for high-voltage insulator core rod applications: Challenges and recommendations. Polym.
Bull. 2022, 79, 6857-6884. [CrossRef]

7. Hua, Y; Li, F; Hu, N.; Fu, S. Frictional characteristics of graphene oxide-modified continuous glass fiber reinforced epoxy
composite. Compos. Sci. Technol. 2022, 223, 109446. [CrossRef]

8. Sheinbaum, M.; Sheinbaum, L.; Weizman, O.; Dodiuk, H.; Kenig, S. Toughening and enhancing mechanical and thermal properties
of adhesives and glass-fiber reinforced epoxy composites by brominated epoxy. Compos. Part B-Eng. 2019, 165, 604-612. [CrossRef]

9.  George, ].S.; Vijayan, P.P.; Paduvilan, ] K.; Salim, N.; Sunarso, J.; Kalarikkal, N.; Hameed, N.; Thomas, S. Advances and future
outlook in epoxy/graphene composites for anticorrosive applications. Prog. Org. Coat. 2022, 162, 106571. [CrossRef]

10. Mousavi, S.R.; Zamani, M.H.; Estaji, S.; Tayouri, M.I; Arjmand, M.; Jafari, S.H.; Nouranian, S.; Khonakdar, H.A. Mechanical

properties of bamboo fiber-reinforced polymer composites: A review of recent case studies. J. Mater. Sci. 2022, 57, 3143-3167.
[CrossRef]

160



Coatings 2025, 15, 181

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Karimah, A.; Ridho, M.R.; Munawar, S.S.; Adi, D.S.; Ismadi; Damayanti, R.; Subiyanto, B.; Fatriasari, W.; Fudholi, A. A review on
natural fibers for development of eco-friendly bio-composite: Characteristics, and utilizations. J. Mater. Res. Technol. 2021, 13,
2442-2458. [CrossRef]

Hu, H.; Cheng, X,; Liu, Z.; Chen, X,; Piao, R.; Xiang, C. Influence of Bamboo Fibers Weight Fraction on the Quasi-Static and
Dynamic Compressive Responses of Epoxy Matrix Composites. |. Nat. Fibers 2023, 20, 2246646. [CrossRef]

Alsuwait, R.B.; Souiyah, M.; Momohjimoh, I.; Ganiyu, S.A.; Bakare, A.O. Recent development in the processing, properties, and
applications of epoxy-based natural fiber polymer biocomposites. Polymers 2023, 15, 145. [CrossRef] [PubMed]

Lu, T; Jiang, M.; Jiang, Z.; Hui, D.; Wang, Z.; Zhou, Z. Effect of surface modification of bamboo cellulose fibers on mechanical
properties of cellulose/epoxy composites. Compos. Part B Eng. 2013, 51, 28-34. [CrossRef]

Dong, J.; Jia, C.; Wang, M.; Fang, X.; Wei, H.; Xie, H.; Zhang, T.; He, J.; Jiang, Z.; Huang, Y. Improved mechanical properties of
carbon fiber-reinforced epoxy composites by growing carbon black on carbon fiber surface. Compos. Sci. Technol. 2017, 149, 75-80.
[CrossRef]

Yazman, S.; Uyaner, M.; Karabork, F; Akdemir, A. Effects of nano reinforcing/matrix interaction on chemical, thermal and
mechanical properties of epoxy nanocomposites. J. Compos. Mater. 2021, 55, 4257-4272. [CrossRef]

Prasanthi, P.P.; Kumar, M.S.R.N.; Chowdary, M.S.; Madhav, V.V.V,; Saxena, K.K.; Mohammed, K.A.; Khan, M.I,; Upadhyay,
G.; Eldin, S.M.; Kumar, G. Mechanical properties of carbon fiber reinforced with carbon nanotubes and graphene filled epoxy
composites: Experimental and numerical investigations. Mater. Res. Express. 2023, 10, 025308. [CrossRef]

Kim, D.; Chung, I.; Kim, G. Study on mechanical and thermal properties of fiber-reinforced epoxy/hybrid-silica composite. Fibers
Polym. 2013, 14, 2141-2147. [CrossRef]

Chen, X.; Wang, X.; Luo, X,; Chen, L,; Li, Y;; Xu, J,; Liu, Z; Dai, C.; Miao, H.; Liu, H. Bamboo as a naturally-optimized
fiber-reinforced composite: Interfacial mechanical properties and failure mechanisms. Compos. Part B Eng. 2024, 279, 111458.
[CrossRef]

Huang, J.; Young, W. The mechanical, hygral, and interfacial strength of continuous bamboo fiber reinforced epoxy composites.
Compos. Part B-Eng. 2019, 166, 272-283. [CrossRef]

Ding, R.; Liu, X.; Yu, H.; Shi, S.Q.; Han, G.; Cheng, W. Effects of different oxidation systems on the interfacial properties of
bamboo fiber/epoxy resin composites. Surf. Interfaces 2024, 45, 103843. [CrossRef]

Bai, T.; Wang, D.; Yan, J.; Cheng, W.; Cheng, H.; Shi, 5.Q.; Wang, G.; Han, G. Wetting mechanism and interfacial bonding
performance of bamboo fiber reinforced epoxy resin composites. Compos. Sci. Technol. 2021, 213, 108951. [CrossRef]

Wang, D.; Bai, T.; Cheng, W.; Xu, C.; Wang, G.; Cheng, H.; Han, G. Surface modification of bamboo fibers to enhance the interfacial
adhesion of epoxy resin-based composites prepared by resin transfer molding. Polymers 2019, 11, 2107. [CrossRef] [PubMed]
Li, X,; Li, G; Su, X. Nanosio2 strengthens and toughens epoxy resin/basalt fiber composites by acting as a nano-mediator. J.
Polym. Eng. 2018, 39, 10-15. [CrossRef]

Xie, J.; Qi, J.; Hu, T.; De Hoop, C.E,; Hse, C.Y.; Shupe, T.F. Effect of fabricated density and bamboo species on physical-mechanical
properties of bamboo fiber bundle reinforced composites. . Mater. Sci. 2016, 51, 7480-7490. [CrossRef]

Oliveira, M.; Neves, V.; Banea, M.D. Mechanical and thermal characterization of bamboo and interlaminar hybrid bam-
boo/synthetic fibre-reinforced epoxy composites. Materials 2024, 17, 1777. [CrossRef]

Yu, Y.; Huang, Y.; Zhang, Y.; Liu, R.; Meng, E; Yu, W. The reinforcing mechanism of mechanical properties of bamboo fiber
bundle-reinforced composites. Polym. Compos. 2019, 40, 1463-1472. [CrossRef]

Otiaba, K.C.; Bhatti, R.S.; Ekere, N.N.; Mallik, S.; Alam, M.O.; Amalu, E.H.; Ekpu, M. Numerical study on thermal impacts of
different void patterns on performance of chip-scale packaged power device. Microelectron Reliab. 2012, 52, 1409-1419. [CrossRef]
Zou, B.; Yin, J; Liu, Z.; Long, X. Transient rock breaking characteristics by successive impact of shield disc cutters under confining
pressure conditions. Tunn. Undergr. Space Technol. 2024, 150, 105861. [CrossRef]

Lakshmaiya, N.; Kaliappan, S.; Patil, PP; Ganesan, V.; Dhanraj, ].A.; Sirisamphanwong, C.; Wongwuttanasatian, T.; Chowdhury,
S.; Channumsin, S.; Channumsin, M.; et al. Influence of oil palm nano filler on interlaminar shear and dynamic mechanical
properties of flax/epoxy-based hybrid nanocomposites under cryogenic condition. Coatings 2022, 12, 1675. [CrossRef]
Kostenko, M.; Stetsyshyn, Y.; Harhay, K.; Melnyk, Y.; Donchak, V.; Gubriy, Z.; Kracalik, M. Impact of the functionalized clay
nanofillers on the properties of the recycled polyethylene terephthalate nanocomposites. J. Appl. Polym. Sci. 2024, 141, e55543.
[CrossRef]

Dutta, H.; Gurusamy, P.; Halder, S. Enhancement of thermal and mechanical properties of polymer composite using a novel
milled bamboo filler. Polym. Compos. 2023, 44, 8731-8749. [CrossRef]

Jin, B.H.; Jang, ].; Kang, D.J.; Yoon, S.; Im, H. Epoxy-based siloxane composites for electronic packaging: Effect of composition
and molecular structure of siloxane matrix on their properties. Compos. Sci. Technol. 2022, 224, 109456. [CrossRef]

Luo, L.; Ma, Q.; Wang, Q.; Ding, L.; Gong, Z.; Jiang, W. Study of a nano-sio 2 microsphere-modified basalt flake epoxy resin
coating. Coatings 2019, 9, 154. [CrossRef]

GB/T 2567-2021; Resin Casting Body Performance Test Method. China National Standards: Shenzhen, China, 2021.

161



Coatings 2025, 15, 181

36. Aziz, T.; Haq, F; Farid, A.; Cheng, L.; Chuah, L.E; Bokhari, A.; Mubashir, M.; Tang, D.Y.Y.; Show, P.L. The epoxy resin system:
Function and role of curing agents. Carbon Lett. 2024, 34, 883. [CrossRef]

37. Garcia, EG,; Leyva, M.E.; de Queiroz, A.A.A.; Simoes, A.Z. Durability of adhesives based on different epoxy/aliphatic amine
networks. Int. |. Adhes. Adhes. 2011, 31, 177-181. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

162



MDPI AG
Grosspeteranlage 5
4052 Basel
Switzerland
Tel.: +41 61 683 77 34

Coatings Editorial Office
E-mail: coatings@mdpi.com

www.mdpi.com/journal/coatings

Z

MDPI

F

Disclaimer /Publisher’s Note: The title and front matter of this reprint are at the discretion of the
Guest Editor. The publisher is not responsible for their content or any associated concerns. The
statements, opinions and data contained in all individual articles are solely those of the individual
Editor and contributors and not of MDPI. MDPI disclaims responsibility for any injury to people or
property resulting from any ideas, methods, instructions or products referred to in the content.






E| Academic Open
" Access Publishing

t mdpi.com ISBN 978-3-7258-3766-3



